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SUMMARY 


The  cyclic  crack  growth  behavior  of  an  advanced  aircraft  engine  disk 
alloy,  AF115,  has  been  evaluated  under  a  wide  range  of  test  variables  in¬ 
cluding  stress  ratio,  temperature,  frequency,  and  hold  period.  The  test 
conditions  were  selected  to  be  representative  of  advanced  disk  appl icat ions . 
An  inter polative  model  has  been  developed  to  predict  crack  growth  behavior 
within  the  boundaries  of  the  test  conditions  evaluated.  Verification  tests 
were  conducted  to  evaluate  the  accuracy  of  the  model. 

Prior  to  the  primary  test  program,  a  thic kness/ load  evaluation  was  con¬ 
ducted  using  three  thicknesses  of  compact  tension  specimens.  The  primary 
test  program  consisted  of  cyclic  crack  growth  rate  experiments  using  compact 
tension  specimens  of  a  single  thickness.  Test  temperatures  ranged  from 
538°  C  (1000°  F)  to  760°  C  (1400°  F)  and  stress  ratios  (R)  from  0.1  to  0.9. 
Frequencies  were  varied  between  0.025  Hz  and  2.5  Hz  with  additional  tensile 
hold  periods  up  to  five  minutes.  A  statistically  designed  test  program, 
consisting  of  36  conditions,  was  used  to  systematical ly  evaluate  the  test 
variables.  Ten  additional  conditions  were  evaluated  at  critical  locations 
in  the  matrix  to  enhance  the  test  program. 

The  inter polative  model  developed  utilized  a  modified  form  of  the 
General  Electric  Sigmoidal  equation,  consisting  of  six  independent  coef¬ 
ficients,  to  equate  the  stress  intensity  range  to  cyclic  crack  growth  rate. 
The  six  coefficients  regulate  the  location  and  slope  of  the  inflection  point, 
the  lower  and  upper  asymtotes,  and  the  low  and  upper  shape  charac ter ist ic s 
of  the  cack  growth  curve.  Relationshi ps  were  made  to  evaluate  each  of  the 
coefficients  as  functions  of  the  four  test  variables. 

At  the  lower  temperature  of  538°  C  (1200°  F)  and  stress  ratio  of  0.1, 
the  crack  growth  behavior  was  hold  time  and  frequency  independent.  At  649°  C 
(1200°  F)  and  the  stress  ratio  of  0.1,  the  frequency  test  variable  was  non- 
influential;  however,  hold  periods  of  90  seconds  resulted  up  to  a  twofold 
increase  in  growth  rate.  At  760°  C  (1400°  F)  the  frequency  and  hold  time 
test  variables  were  significant  factors  on  crack  growth  behavior.  At  this 
condition  a  threefold  difference  in  growth  rate  was  observed  between  the 
fastest  and  slowest  of  the  wave  pattern  examined.  The  influences  of  tem¬ 
perature,  hold  time,  and  frequency  on  crack  growth  rate  behavior  increased 
with  increasing  stress  ratio.  Depending  on  the  other  test  parameters,  in¬ 
creasing  the  stress  ratio  could  either  vertically  increase  or  decrease  the 
inflection  point  location  of  the  cyclic  crack  growth  rate  versus  stress 
intensity  curve.  However,  there  existed  a  saturation  level  in  which  the 
crack-growth  rate  at  the  inflection  point  would  remain  constant  with  in¬ 
creasing  stress  ratio.  The  Walker  equation  was  found  unsatisfactory  in 
determining  stress  ratio  effects. 

Using  test  conditions  other  than  those  used  during  the  development  of 
the  model,  two  verification  tests  were  conducted  at  two  conditions  to 


evaluate  the  model.  The  actual  average  lives  of  the  verification  tests  for 
the  two  test  conditions  were  within  factors  of  1.3  and  2.5  of  the  predicted 
lives.  These  factors  were  typical  of  the  models  capability  of  predicting  the 
crack  growth  behavior  of  the  experiments  conducted  to  develop  the  model.  A 
comparison  was  made  with  other  crack-growth  modeling  studies.  It  is  shown 
that  the  accuracy  of  the  verification  experiments  were  within  the  range  of 
other  elevated  temperature  interpolative  modeling  techniques.  It  was  ob¬ 
served  that  the  error  in  the  predictive  capabilities  of  the  model  increased 
with  increasing  stress  ratio  and  remained  constant  for  the  other  three  test 
variables . 


I  INTRODUCTION 


* 


The  concept  of  damage  tolerant  design  for  turbine  rotor  parts  has  become 
a  very  attractive  method  for  cost  effectiveness  due  to  the  high  replacement 
cost  of  advanced  engine  components.  Through  the  use  of  damage  tolerant  design 
concepts  based  on  analytical  fracture  mechanics,  the  usable  life  of  each  part 
can  potentially  be  extended  without  increasing  the  risk  of  failure.  A  major 
requirement  for  implementation  of  this  concept  is  reliable  subcritical  crack 
growth  information.  At  low  temperatures,  the  crack  growth  behavior  of  engine 
materials  is  reasonably  well  understood.  Crack  propagation  is  not  as  easily 
defined,  however,  for  higher  temperature  applications  as  in  turbine  disks 
where  time  dependent  plasticity  occurs.  The  influences  of  hold  time  at  high 
stresses,  time  dependencies,  and  temperature  and  stress  variations  severely 
complicates  life  analysis. 

The  purpose  of  this  program  was  to  develop  an  improved  understanding  of 
the  crack  growth  behavior  of  an  advanced  turbine  disk  material,  and  to  develop 
a  method  for  predicting  a  disk  alloy  mechanical  behavior  under  turbine  disk 
operating  conditions.  The  specific  objectives  were  to  define  the  crack  growth 
behavior  of  AF115  which  is  representative  of  an  advanc  ’  powder  metallurgy 
disk  material,  and  to  develop  an  interpolat ive  model  that  permits  accurate 
crack  growth  predictions  to  be  made  under  different  stress-time-temperature 
conditions  typical  of  advanced  turbine  disk  environments. 

Under  Phase  I  of  the  program,  crack  growth  tests  were  conducted  at  con¬ 
ditions  that  reflect  the  operating  conditions  of  an  advanced  family  of  engine 
designs.  Variables  evaluated  included  stress  ratio,  temperature,  cyclic  fre¬ 
quency,  and  hold  time.  Temperatures  investigated  were  from  538°  C  (1000°  F) 
to  760°  C  (1400°  F),  and  stress  ratios  (R)  were  from  0.1  to  0.9.  Frequencies 
between  0.025  and  2.5  Hz  were  examined  with  additional  tensile  hold  periods 
up  to  five  minutes.  The  stress  ratio,  temperature,  frequency,  and  hold  time 
effects  were  systematically  investigated  using  a  stat ist ical ly  designed  test 
program.  As  an  extension  to  the  statistically  designed  program,  additional 
tests  were  included  to  assist  in  the  direct  analysis  of  each  of  the  single 
test  variables. 

A  computerized  interpolat ive  program  was  developed  in  Phase  II  to  predict 
cyclic  crack  growth  behavior  within  the  extent  of  the  variables  tested.  A 
modified  General  Electric  Sigmodial  Equation,  developed  under  this  program, 
was  used  to  describe  the  individual  cyclic  crack  growth  curves.  The  model 
adjusts  the  location  and  slope  of  the  inflection  point,  along  with  the  upper 
and  lower  shaping  characteristics  and  asymtotes  of  the  crack  growth  curve  as 
a  function  of  the  test  variables.  A  series  of  tests,  under  Phase  III,  was 
then  conducted  to  verify  the  accuracy  of  the  interpo lat ive  model. 


II.  MATERIAL  AND  SPECIMEN  FABRICATION 


The  material  selected  for  the  investigation  of  cyclic  crack  growth  be¬ 
havior  was  AF115,  a  nickel-base  superalloy  developed  by  General  Electric  under 
Air  Force  (AFML)  sponsorships D .  AF115  is  a  gamma -prime-strengthened  nickel- 

base  alloy  in  which  titanium,  aluminum,  columbium,  and  hafnium  are  gamma  prime 
formers  and  chromium,  cobalt,  molybdenum,  and  tungsten  are  strengtheners  of 
the  gamma  matrix.  The  initial  development  of  AF115  involved  powder  metallurgy 
HIP  +  forge  processing.  Subsequent  studies  included  evaluation  of  As-HIP  pro¬ 
cessing,  low  carbon/low  hafnium  modification,  and  effect  of  thermo-mechanical- 
processing  by  specially  controlled  forging  and  heat  treatment  processes^ 2) . 

The  material  procured  for  this  program  was  in  the  As-HIP  condition. 


A.  MATERIAL  PROCESSING 


The  AF115  powder  for  this  program  was  produced  by  Carpenter  Technology 
(heat  number  A1339)  and  was  vacuum  melted  from  virgin  material  and  argon  spray 
atomized  to  powder.  Results  of  the  chemical  analysis  of  the  powder  are  shown 
in  Table  1  along  with  the  minimum  and  maximum  acceptable  levels,  and  the  aim 
level  for  each  specified  element  in  the  composition.  The  chemical  composition 
of  the  powder  was  well  within  the  specified  limits.  Table  2  shows  the  par¬ 
ticle  size  distribution  of  the  powder  utilized  for  the  compact.  The  power  was 
99. 7%  minus  100  mesh  powder  size. 


Table  1.  Composition  of  AF115  Powder  (A1339). 


Element 

Heat  A1339 

AIM 

Minimum 

Maximum 

Carbon 

0.043 

0.050 

0.030 

0.070 

Manganese 

<0.01 

— 

— 

0.15 

Silicon 

0.04 

— 

— 

0.20 

Sul  fur 

0.002 

— 

— 

0.015 

Chromium 

10.68 

10.7 

9.95 

11.45 

Titanium 

3.85 

3.90 

3.60 

4.20 

Aluminum 

3.67 

3.80 

3.50 

4.10 

Boron 

0.019 

0.020 

0.015 

0.025 

Zirconium 

0.057 

0.05 

0.03 

0.07 

Iron 

0.13 

— 

— 

1.00 

Cobalt 

15.10 

15.00 

14.50 

15.50 

Mo lybdenum 

2.80 

2.80 

2.60 

3.00 

Tungsten 

5.67 

5.90 

5.60 

6.20 

Phosphorus 

<0.005 

— 

— 

0.015 

Hafnium 

0.84 

0.  75 

0.55 

0.95 

Columbium 

1.71 

1.70 

1.50 

1.90 

Nickel 

Balance 

Balance 

Balance 

Table  2.  Particle  Size  Distribution 
of  AF115  Powder  (A1339) . 


Mesh  Size 

Weight  Percent 

+60 

0.0 

-60  +  80 

0.2 

-80  +100 

0.1 

-100  +140 

8.5 

-140  +200 

18.0 

-200  +325 

28.0 

-325 

42.5 

Powder  from  this  heat  was  loaded  into  a  203  mm  (8  inch)  diameter  by  610 
mm  (24  inch)  long  stainless  steel  canister  (canister  number  C1003)  by  Carpenter 
Technology  and  compacted  at  Industrial  Materials  Technology  (HIP  cycle  number 
2747)  at  a  temperature  of  1191°  C  (2175°  F)  and  a  pressure  of  103  MPa  (15  ksi) 
for  2  hours.  The  resulting  compact  measured  162  mm  (6-3/8  inches)  in  diame¬ 
ter  by  502  mm  (19-3/4  inches)  long.  The  As-HIP  compact  was  sectioned  into  14 
slices,  29  mm  (1-1/8  inch)  to  32  mm  (1-1/4  inch)  thick,  and  heat  treated. 
Solution  treatment  was  performed  in  air  at  1182°  C  +  9C  (2160°  F)  for  4  hours 
followed  by  rapid  air-cooling  to  room  temperature.  This  temperature  minimized 
thermally  induced  porosity  (TIP)  formation  by  assuring  solution  treatment  be¬ 
low  the  minimum  HIP  temperatures.  The  quenching  medium  from  the  solution  tem¬ 
perature  was  rapid  air-cool  which  minimized  the  tendency  for  quench  cracking. 
Aging  was  subsequently  performed  at  760°  C  (1400°  F)  for  16  hours  followed  by 
air  cooling. 

Test  coupons  were  removed  from  the  As-HIP  compact  as  well  as  from  the 
fully  heat-treated  compact  for  TIP,  oxygen,  and  metallographic  analysis.  Table 
3  lists  the  results  of  the  TIP  response  of  the  test  coupons  after  1149°  C 
(2100°  F)/4  hours,  1177°  C  (2150°  F)/4  hours,  and  1191'  C  (2175°  F)/4  hours 
exposures,  and  the  compact  after  the  1182°  F  (2160°  F)/4  hours  solution  heat 
treatment.  All  TIP  values  reported  were  well  within  the  0.5%  TIP  requirement. 
The  0.001%  TIP  value  reported  for  the  fully  heat-treated  material  represents 
an  exceptionally  low  TIP  response.  Oxygen  analysis  conducted  on  the  As-HIP 
compact  yielded  acceptable  values,  as  listed  in  Table  3.  Shown  in  Figures  1 
and  2  are  100X  and  500X  photomicrographs  of  etched  metallographic  sections  of 
the  AF115  compact  in  the  As-HIP  and  full  heat-treated  conditions.  A  uniform, 
fully  dense  microstructure  is  evident  in  each  of  the  views. 
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Figure  2  Photomicrographs  depict  the  AF115  Material 
Microstructure  in  the  fully  Heat-Treated 
Cond i t ion 


Etchant 


Table  3.  Results  of  Density,  TIP  Reponse  and  Oxygen  Analysis  of 
AF115  (A1339/C1003) . 

Density,  TIP  Response 


Density  Measurements,  _ Density 


degrees 

(gm/cm^) 

lbs/in. 

%  TIP 

As-HIP 

(No  Heat 

Treatment ) 

8.380 

0.30277 

— 

As -HIP 

+  1149  C 

(2100  F)/4  Hours 

8.369 

0.30238 

0.13 

As-HIP 

+  1177  C 

(2150  F)/4  Hours 

8.370 

0.30241 

0.12 

As-HIP 

+  1191  C 

(2175  F)/4  Hours 

8.357 

0.30194 

0.27 

As-HIP  +  1182  C 
760C  (1400F)/16 

(2160  F)/4  Hours, 
Hrs . 

8.378 

0.30271 

0.001 

Oxygen  Analysis 

Log  Corner 

80  ppm  O2 

Log  Center 

28  ppm  O2 

B.  SPECIMEN  FABRICATION 


Figure  3a  shows  the  dimensions  of  the  compact  and  location  of  the  14 
slices.  Slice  1  was  used  for  the  TIP  and  density  characterization.  Tensile, 
creep,  stress  rupture,  and  low-cycle-fatigue  qualification  specimens  were 
machined  from  Slices  2  and  12  according  to  the  configurations  shown  in  Figure 
4.  Six  compact  tension  specimens,  two  each  of  6.33,  12.7,  and  23.4  mm  (0.25, 
0.5  and  1  inch)  thicknesses,  were  machined  from  Slice  6  for  the  thickness  eval¬ 
uation  phase  of  the  program  (see  Figure  3b).  Eight  12.7  mm  (0.5  inch)  thick 
compact  tension  specimens  were  machined  from  Slices  4,  5,  and  7  through  11; 
and  four  specimens  from  Slices  3  and  13  (see  Figure  3c).  The  configuration 
of  the  machined  compact  tension  specimens  is  illustrated  in  Figure  5.  Because 
of  the  undersize  diameter  of  the  log,  these  specimens  contained  one  beveled 
corner.  It  was  located  near  one  of  the  loading  holes  and  had  no  influence  on 
crack  growth  results.  All  compact  tension  specimens  were  identified  by  the 
slice  number  followed  by  an  identification  number. 


C.  MATERIAL  CHARACTERIZATION 


Tensile,  creep,  stress  rupture,  and  low-cycle-fatigue  (LCF)  experiments 
were  conducted  to  ensure  the  produced  material  was  typical  AF115.  The  results 
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Figure  3b.  Orientation  of 

compact  tension  specimens 
for  thickness  evaluation. 


Figure  5c.  Orientation  of  12.2  mm 
(0.5  inch)  compact 
tension  specimen 
machined  from  slices. 


Figure  3.  Location  and  Orientation  of  Compact  Tension  Specimens. 
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13  UNC 


CREEP  &  RUPTURE  SPECIMEN 


1.905  cm 


LOW  CYCLE  FATIGUE  SPECIMEN 


Figure  4.  Specimen  Configurations  for  Material  Qualification 
Experiments. 
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Thickness 


of  the  tests,  are  reported  in  Table  4.  Figures  6  through  8  graphically  illus¬ 
trate  the  tensile,  creep,  and  stress  rupture  properties.  The  curves  in  those 
figures,  which  closely  agrees  with  the  data  from  this  program,  indicate  the 
current  expected  properties  of  this  ma terial ^ > 3) .  Low-cycle-fatigue  experi¬ 
ments  were  tested  in  longitudinal  strain  control  at  760°  C  (1400°  F),  a  strain 
ratio  (R)  of  zero,  and  test  frequency  of  0.33  Hz.  The  LCF  data  are  well  be¬ 
haved  in  that  they  displayed  a  linear  relationship  when  the  strain  ranges  were 
plotted  versus  their  respective  fatigue  lives  on  logarithmic  coordinates  (see 
Figures  9).  The  fatigue  lives  were  compared  to  existing  General  Electric  un¬ 
published  AF115  data  and  found  above  average,  most  likely  a  result  of  its 
extremely  low  TIP  response.  Based  on  the  property  levels  of  the  qualification 
tests  this  AF115  compact  was  judged  fully  acceptable  for  the  subsequent 
cyclic  crack  growth  program. 
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Table  4.  Results  of  Qual i f icat ion  Test  for  Heat  of  AF115  (A1339/C1003) . 


Tensile  Test  Results 


Temperature 

UTS 

0.2% 

YS 

0.02% 

YS 

Elongation 

RA 

°  C 

°  F 

MPa 

ksi 

MPa 

ks  i 

MPa 

ks  i 

% 

% 

23.3 

74 

1650.7 

239.4 

1133.5 

164.4 

1030.1 

149.4 

20.4 

16.9 

649.0 

1200 

1521.0 

220.6 

1084.6 

157.3 

917.7 

133.1 

18.3 

19.1 

760.0 

1400 

1190.1 

172.6 

1094.9 

158.8 

1062.5 

154.1 

8. 1 

8.4 

760.0 

1400 

1200.0 

174.0 

1049.4 

152.2 

898.3 

130.3 

7.9 

8.6 

Stress  Rupt 

ure  Test  Results 

Temperature 

Stress  Life 

"c 

°  F 

MPa 

ksi  Hours 

760 

1400 

689.5 

100  91.4 

760 

1400 

689.5 

100  137.1 

Creep  Rupture  Test 

Results 

Temperature 

Stress 

Time  to  0.2% 

°  C 

MPa 

ksi 

Extension,  hours 

760 

1400 

551.6 

80 

79.0 

760 

1400 

551.6 

80 

108.0 

Low-Cyc le-Fat igue  Test  Results 
760°  C  (1400°  F),  Longitudinal  Strain  Control,  Ae  =  1 


Total  Strain 
Percent 


1.1 

0.9 

0.9 

0.7 

0.55 

0.55 


Fatigue  Life, 
Cycles 

1,502 

2,239 

3,042 

24,560 

77,371 

91,547 
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Temp.  °F 


Figure  6 


Tensile  Properties  of  Heat  A1339/C1003  in 
Comparison  to  Typical  Properties 


Stress,  Ksi  Stress,  Ksi 


Stress,  MPa  Stress,  MPa 


Total  Strain  Range,  Percent 


III.  EXPERIMENTAL  PROGRAM 


The  experimental  program  was  separated  in  three  phases.  Initially  six 
experiments  were  conducted  to  determine  the  specimen  thickness  effect  on  crack 
growth  behavior  and  the  loads  to  be  used  for  the  primary  test  program.  Sec¬ 
ondly,  the  primary  test  program  was  conducted  using  a  uniform  test  specimen  of 
thickness  determined  from  the  results  of  the  initial  phase.  After  the  interpo- 
lative  model  was  completed  four  verification  experiments  were  conducted  to 
evaluate  the  success  of  the  model.  Each  of  these  phases  will  be  discussed 
within  the  following  subsections. 


A.  LOAD/THICKNESS  EVALUATION  MATRIX 


As  the  initial  test  series,  6  compact  tension  specimens  were  tested  at 
760°  C  (1400°  F) ,  a  stress  ratio  of  0.025,  and  frequency  of  0.33  Hz  to  deter¬ 
mine  for  the  primary  test  program  the  minimum  thickness  of  test  sepcimen  that 
provides  essential  plane  strain  crack  growth  data.  Two  load  ranges,  7399 
Newtons  (1650  lb)  and  8896  Newtons  (2000  lb),  were  utilized.  The  load  ranges 
were  calculated  to  result  in  applied  net  section  stresses  of  40%  and  60%  of 
the  760°  C  (1400°  F)  yield  strength  (0.2%)  of  this  AF115  material  based  on  a 
total  crack  length  of  20.3  mm  (0.8  inch).  The  specimens  were  precracked  to  a 
crack  length  consistent  with  the  requirement  to  initiate  testing  at  16.47  MPa 
/m  (15  ksi  /in.).  Two  specimens  of  three  thicknesses;  namely,  25.4  mm  (1.00 
inch),  12.7  mm  (0.50  inch),  and  6.35  mm  (0.25  inch)  were  tested. 

B.  PRIMARY  TEST  MATRIX 


The  objective  of  the  primary  test  matrix  was  to  conduct  a  sufficient  num¬ 
ber  of  experiments  at  various  conditions  so  that  the  crack  growth  characteris¬ 
tics  of  AF115  could  be  accurately  evaluated  within  the  range  of  the  test  con¬ 
ditions.  For  test  efficiency,  a  statistically  partial  factorial  box  design 
experimental  program  was  selected  -  specifically  the  hypercuboctahedron  box 
design.  The  test  conditions  were  tailored  so  that  the  data  were  gathered  at 
critical  levels  of  each  variable  to  satisfy  the  subsequent  Analysis  of  Vari¬ 
ation  (ANOVA). 

This  technique  allowed  the  influences  of  each  of  the  variables  to  be  de¬ 
termined  independently  of  the  other  variables,  as  well  as  the  possible  inter¬ 
actions  between  these  variables.  Thus,  it  was  possible  to  test  only  selected 
conditions  without  sacrificing  significant  confidence  in  the  interpolat ive 
model.  In  certain  areas,  such  as  high  temperatures  and  long  hold  periods,  it 
was  expected  that  the  effects  would  be  more  complex  than  could  be  fully  deter¬ 
mined  by  this  statistical  design.  Therefore,  to  improve  predictions  in  such 
areas,  additional  experiments  were  added.  The  designed  matrix  is  shown  in 
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Table  5.  The  A’s  and  B's  indicate  the  tests  in  the  primary  matrix  divided  in¬ 
to  two  orthogonal  blocks  and  which  of  the  two  test  equipment  systems  was  to 
be  used  for  that  test.  The  X's  indicate  the  extra  tests  added  to  the  hyper- 
cuboctahedron  box  design.  At  the  center  of  the  matrix,  four  tests  at  a  single 
condition  were  concentrated  to  determine  a  measure  of  variability  in  the  data. 

The  stress  ratios  evaluated  were  0.1,  0.5,  and  0.9.  These  essentially 
covered  the  entire  range  possible  in  the  cyclic  loading  of  the  compact  tension 
specimen  and  were  also  considered  adequate  for  most  turbine  disk  design  condi¬ 
tions  where  stress  is  primarily  due  to  centrifugal  loading.  Three  levels  of 
cyclic  frequency  (0.025,  0.25,  and  2.5  Hz)  were  selected  for  coverage.  Test 
temperatures  ranged  from  538°  to  760°  C  (1000°  to  1400°  F).  Below  538°  C 
(1000°  F)  hold  time  and  frequency  effects  should  not  occur  while  760°  C 
(1400°  F)  is  the  upper  limit  for  usage  of  AF115.  Hold  times  up  to  300  sec¬ 
onds  were  evaluated  which  was  considered  adequate  to  assess  the  importance  of 
most  turbine  disk  hold  times. 


C.  VERIFICATION  TESTS 


Two  verification  experiments  were  conducted  at  two  conditions  selected 
by  the  Materials  Laboratory  (AFWAL)  after  the  completion  of  the  development 
of  the  interpolat ive  model.  Those  conditions  are  outlined  below: 


Test  Condition  1  593°  C  (1100°  F) ,  R  =  0.3,  0.1  Hz,  no  hold  time 

Test  Condition  2  704°  C  (1300°  F),  R  =  0.6,  0.1  Hz,  30  sec  hold 


IV.  EXPERIMENTAL  PROCEDURES 


All  cyclic  crack  growth  experiments  were  conducted  at  General  Electric, 
Aircraft  Engine  Group  (AEG),  in  two  servo-controlled,  electrohydraulic  test 
systems  operated  in  closed-loop  control.  Details  on  precracking,  load  de¬ 
terminations,  heating,  and  crack  measuring  will  be  discussed  within  this 
sect  ion. 


A.  PRECRACKING 


The  compact  tension  specimens  were  EDM  notched  followed  by  precracking 
at  either  room  or  elevated  temperature.  Initially,  the  specimens  were  pre¬ 
cracked  at  room  temperature  at  30  Hz  with  cyclic  loads  being  stepped  down  in 
10%  increments  as  a  function  of  precrack  length.  The  final  precrack  length 
and  applied  loads  produced  a  stress  intensity  range  less  than  or  equal  to  the 
initial  stress  intensity  of  the  subsequent  elevated  temperature  cyclic  crack 
growth  tests.  The  specimens  were  reversed  within  the  test  system,  if  required 
to  maintain  reasonably  even  surface  crack  lengths.  Approximately  half  of  the 
specimens  were  precracked  in  this  fashion.  During  early  stage  of  testing  it 
appeared  that  the  precracking  was  interfering  with  the  normal  crack  growth  be¬ 
havior  since  the  curvature  of  the  crack  would  rapidly  change  shortly  after 
initiation  of  crack  extension  as  noted  in  Figure  10.  The  surface  measurements 
of  S/N  4-8  satisfies  the  ASTM  E647^)  requirements  which  recommends  that  the 
variation  in  the  two  measured  crack  lengths  be  less  than  0.025  times  the  width 
or  0.25  times  the  thickness,  whichever  is  greater.  As  noted  in  Figure  10  the 
precracking  process  was,  however,  clearly  influential  during  the  early  segment 
of  crack  growth.  Other  specimens,  such  as  S/N  5-3,  did  not  satisfy  the  ASTM 
requirements  but  the  crack  front  became  uniform  during  early  crack  growth. 

After  these  observations,  precracking  was  conducted  at  elevated  temperature 
within  the  system  used  for  testing  so  that  the  final  precracking  was  done  at 
the  test  condition  loads.  Even  then  a  few  of  the  specimens  produced  uneven 
crack  fronts.  Specimen  bending,  other  than  that  expected,  was  thoroughly 
examined  prior  to  the  test  program.  The  affect  that  precracking  had  on  growth 
rate  will  be  discussed  in  a  later  section.  The  method  of  precracking  used  on 
each  specimen  and  final  crack  measurements  are  listed  on  both  surfaces  within 
the  experimental  data. 

B.  TEST  FACILITIES 

Figure  11  depicts  a  view  of  one  of  two  cyclic  crack  growth  test  facili¬ 
ties.-  It  consists  of  a  MTS  22.2  kN  (5000  lb)  closed-loop,  electrohydraulic, 
servo-controlled,  low-cycle-fatigue  machine  and  associated  control  and  monitor¬ 
ing  equipment.  The  second  facility  consists  of  a  44.4  kN  (10,000  lb)  Pagasus 
system.  In  Figure  12,  a  close-up  view  of  a  compact  tension  specimen  installed 
in  the  load  train  is  provided.  Specimen  heating  was  provided  by  a  specially 
designed  split  shell  three  zone  resistance  furnace  equipped  with  quartz  view¬ 
ing  windows.  Conventional  20X  traveling  microscopes  were  used  to  monitor 
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S/N  4-8 
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0  1 

S/N  5-3 

Figure  10.  Room  Temperature  Precracked  Specimens  wit)) 
Subsequent  Elevated  Test  Conditions  Showing 
Changes  in  Curvature  After  Initiation  of 
Testing 


19 


Photograph  of  overall  test  set-up  with  MTS  5  KIP 
closed-loop  equipment  and  associated  control  and 
monitoring  equipment. 
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crack  growth  along  both  the  front  and  back  surfaces  of  the  specimens.  In  each 
view  of  Figures  11  and  12,  the  split-shell  resistance  furnace  and  Taveling 
microscope  are  shown. 

Since  transient  growth  rates  can  result  from  interruption  of  long  dura¬ 
tions  the  experiments  were  generally  conducted  continuously  until  failure.  If 
significant  growth  of  the  crack  was  expected  prior  to  the  next  schedule  re¬ 
cording,  the  test  was  stopped  and  the  static  tensile  load  reduced  to  approxi¬ 
mately  445  N  (100  lb)  and  temperature  reduced  to  427°  C  (800‘  F).  As  will  be 
noticed  in  the  presentation  of  the  data,  some  fluctuations  occurred  within  the 
cyclic  crack  growth  versus  stress  intensity  results,  and  were  probably  a  re¬ 
sponse  to  test  interruptions.  Because  of  the  durations  of  these  tests,  these 
interruptions  were  unavoidable. 


C.  LOAD  DETERMINATION 


Based  on  the  load/thickness  evaluation,  maximum  loads  were  selected  as 
8.07,  9.35,  and  13.99  kN  (1815,  2102,  3145  lb)  for  the  stress  ratios  of  0.1, 
0.5,  and  0.9,  respectively.  With  a  crack  length  of  16.5  mm  (0.65  inch),  these 
loads  produced  effective  16.47  MPa  /m  (15  ksi  /in.)  stress  intensity 
range  based  on  the  Walker  expression: 

A^ef f  =  AK max  (l_R)m  (1) 

with  the  exponent  (m)  of  0.25.  After  a  few  experiments  it  became  obvious  that 
the  higher  temperature  experiments  with  hold  periods  produced  an  insufficient 
range  of  crack  growth  rate  while  at  lower  temperature  the  duration  of  the 
tests  became  impractically  long.  Therefore,  for  the  lower  temperature  experi¬ 
ments  the  procedure  of  successively  increasing  the  load  or  crack  length  was 
implemented  to  produce  various  segments  of  the  crack  growth  rate  versus  stress 
intensity  curve.  For  the  higher  temperature  experiments,  the  loads  had  to  be 
decreased  for  the  room  temperature  precracked  specimens  to  produce  a  suitable 
amount  of  crack  growth.  The  elevated  temperature  precracking  of  the  specimens 
was  conducted  by  initiating  the  crack  from  the  EDM  slot  at  loads  above  the 
test  conditions  and  successively  decreasing  the  loads.  Reasonable  growth  rates 
were  maintained  during  this  elevated  temperature  precracking  until  the  loads 
given  above  were  achieved.  The  loads  at  which  tests  were  conducted  are  summa¬ 
rized  with  the  data. 


D.  CRACK  GROWTH  DATA  REDUCTION 


At  the  conclusion  of  each  test,  the  raw  crack  length  versus  accumulative 
cycle  data  were  reduced  to  cyclic  crack  growth  rate  (da/dN)  by  use  of  the 
seven-point  sliding  polynomial  technique  recommended  by  ASTM'^'.  The  crack 
lengths  were  adjusted  for  curvature  by  the  ASTM  recommended  quarter  width  aver¬ 
age  crack  length  and  maximum  crack  length  technique^).  in  a  few  cases,  in¬ 
sufficient  crack  length  measurements  were  taken  to  produce  a  reasonable  crack 


growth  rate  versus  stress  intensity  curve,  especially  since  the  seven-point 
sliding  polynomial  technique  does  not  calculate  crack  growth  rates  for  the 
first  three  and  last  three  crack  length  measurements.  In  those  cases,  the 
crack  length  versus  cycle  number  curve  was  visually  estimated  through  the 
collected  data  points  and  additional  points  extracted  from  that  curve.  The 
stress  intensity  range  value  associated  with  the  mid  crack  length  of  each  set 
of  consecutive  seven  points  determined  by: 


Thus  pairs  of  da/dN  and  AK  values  were  available  for  evaluation. 


23 


V.  EXPERIMENTAL  RESULTS 


Pairs  of  crack  length  ( f rom  each  side  of  the  compact  tension  specimen) 
and  cycle  number  were  recorded  from  each  of  the  crack  growth  tests.  Those 
pairs  were  reduced  into  cyclic  crack  growth  rate  versus  stress  intensity 
data.  The  results  of  the  experiments  are  summarized  within  the  following 
subsections . 

A.  THICKNESS  RESULTS 


Six  compact  tension  specimens,  two  each  of  three  thicknesses,  were 
tested  to  evaluate  the  thickness  effect  of  the  compact  specimen  geometry  on 
crack  growth  behavior.  Table  6  list  the  pertinent  test  parameters  for  these 
six  tests.  Specimen  6-3  failed  during  the  high-cycle-fatigue,  room  tempera¬ 
ture  precracking  as  a  result  of  an  equipment  malfunction  and  was  not  repeated. 
Figures  13,  14,  and  15  show  the  fracture  surfaces  of  the  five  tested  specimens. 


Table  6.  Test  Parameter  Summary  of  Thickness/Load  Determination  Test  Series. 


Precrack 


Specimen 

Thickness , 

Precrack* 

Load 

Range 

Temperature , 

S/N 

mm 

inches 

mm 

inches 

Newtons 

lb 

°  C 

°  F 

1-3 

25.40 

1.0 

19.1 

0.75 

14,678 

3300 

R.T. 

R.T. 

2-3 

25.40 

1.0 

14.5 

0.57 

17,792 

4000 

760 

1400 

3-3 

12.70 

0.50 

15.2 

0.60 

8,896 

2000 

.760 

1400 

4-4 

12.70 

0.50 

21.3 

0.84 

7,339 

1650 

R.T. 

R.T. 

5-3 

6.35 

0.25 

19.6 

0.77 

3,336 

750 

R.T. 

R.T. 

6-3 

6.35 

0.25 

_ 

_ 

_ 

_ 

760 

1400 

*Precrack  dimension  tabulated  is  referenced  from  the  center  of  the  specimen 
pin  hole. 

Test  Parameters:  760°  C  (1400°  F)  R  =  0.025,  0.33  Hz 


Figure  13.  6,35  ram  (0.25  inch)  Thick  Compact  Tension 

Specimen  Fracture  Surface 

Rnttnm  Hal  f  Tnn  Hal  f 


Figure  14.  12.5  (0.5  inch)  Thick  Compact  Tension 

Specimen  Fracture  Surface 


Figure  15  25.;  4mm  (1  inch)  Thick  Compact  Tension  Specimens  Fracture  Surface 


As  shown  in  Figure  15,  an  extensive  and  variable  crack  front  curvature 
resulted  from  the  25.4  mm  (1  inch)  thick  specimens  experiment.  Figure  13  ex¬ 
hibits  photographs  of  6.4  mm  (0.25  inch)  specimen.  This  specimen  fracture 
showed  minimal  curvature  resulting  from  the  actual  cyclic  crack  growth  test, 
but  the  precrack  grew  significantly  deeper  on  one  of  the  specimen's  surface. 
This  specimen  was  reversed  in  the  test  machine  load  train  repeatedly  during 
precracking  to  minimize  this  tendency;  however,  the  uneven  precrack  persisted. 
The  6.4  mm  (0.25  inch)  thick  specimen,  being  somewhat  more  flexible,  is  con¬ 
sidered  more  sensitive  to  load  train  alignment.  Figures  16  and  17  graphically 
show  the  da/dN  versus  AK  values  of  the  five  experiments.  Presented  in  Figure 
16  are  the  data  after  incorporation  of  the  ASTM  3  point  crack  front  curvature 
correction.  The  data  appears  to  form  a  single  population  independent  of  speci 
men  thickness  or  applied  load  level.  The  6.4  mm  (0.25  inch)  thick  specimen 
appears  to  demonstrate  a  lower  threshold  stress  intensity  compared  to  the  25.4 
mm  (1  inch)  thick  specimen.  This  difference  may  be  a  result  from  the  signifi¬ 
cant  curvature  noted  in  the  thicker  specimens.  The  data  with  the  curvature 
correction  clearly  populates  a  single  curve  in  the  mid  and  upper  crack  growth 
rate  regions  indicating  an  insensitivity  to  the  loads  and  thickness  examined. 
Figure  17  shows  the  results  with  the  stress  intensity  range  based  on  the 
average  surface  crack  length  measurements.  Use  of  the  surface  measurement 
clearly  differentiates  the  25.4  mm  (1  inch)  thick  specimen  data  from  the  12.7 
and  6.35  mm  (0.5  and  0.25  inch)  thick  specimen  data. 

Based  on  the  results  from  the  test  series  discussed  above,  the  12.7  mm 
(0.5  inch)  thick  specimen  and  the  lower  range  (equivalent  to  40%  of  the  0.2% 
yield  strength)  were  selected  as  conditions  for  the  primary  test  matrix  pro¬ 
gram.  The  12.7  mm  (0.5  inch)  thick  specimen  was  selected  to  avoid  the  crack 
front  curvature  problems  associated  with  the  25.4  mm  (1  inch)  thick  specimen 
and  the  flexibility  problems  (uneven  crack  growth)  associated  with  the  6.35 
mm  (0.25  inch)  specimen.  The  lower  load  range  was  used  based  on  the  preferred 
use  of  a  longer  precrack  specimen.  The  longer  precrack  was  preferred  to  avoid 
potential  shadowing  affects  associated  with  the  EDM  precrack  notch. 


B.  RAW  EXPERIMENTAL  DATA 

Pairs  of  measured  crack  length  and  accumulated  cycle  are  tabulated  within 
Appendix  A  for  all  experiments  conducted  within  the  primary  test  program.  In¬ 
cluded  are  the  precracking  conditions  and  test  loads  for  each  test.  When  the 
ASTM  E647  recommendation  that  the  uncracked  ligament  of  the  compact  tension 
specimen  be  less  than  (4/n ) (K^gx/Oyg) 2  was  exceeded,  it  is  noted  in  Appendix  A 
This  recommendation  limits  the  specimen  to  be  predominately  elastic.  While 
such  situations  did  occasionally  exist,  this  restriction  was  ignored  during 
the  development  of  the  interpolat ive  model.  Techniques  such  as  nonlinear 
fracture  mechanics  would  be  required  to  alleviate  this  concern  which  was  out¬ 
side  the  scope  of  this  program. 
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CRACK  GROWTH  RATE,  mm/CYCLE 


GROWTH  RATE,  INCH/CYCLE 


GROWTH  RAT 


C .  da/dN  Versus  AK  Tabulation 


The  reduced  cyclic  crack  growth  rate  versus  stress  intensity  factor  for 
each  of  the  conducted  tests  are  tabulated  in  Appendix  B.  The  procedures  used 
to  derive  these  values  were  discussed  earlier  (Section  4.4).  If  the  cyclic 
crack  growth  rate  data  was  determined  from  an  estimated  crack  length  versus 
cycle  number  curve  due  to  insufficient  data  being  collected,  it  is  noted  in 
Appendix  B.  Plots  of  da/dN  versus  4K  are  present  in  Figures  18  through  20. 

The  following  observations  for  each  of  the  test  variables  were  made  from 
these  plots. 

1 .  Frequency  Effects 

The  following  observations  have  been  made  with  regard  to  frequency  effects 
as  indicated  in  Figures  18  through  20. 

•  At  538°  C  (1000°  F)  and  649°  C  (1200°  F)  and  the  stress  ratio  of  0.1 
the  frequency  effect  was  negligible;  however,  at  higher  stress  ratios 
an  effect  was  observed.  For  example,  at  649°  C  (1200°  F)  and  stress 
ratio  of  0.9  there  existed  up  to  a  2  decade  difference  in  growth  rate 
between  the  slowest  and  fastest  continuous  cycling  experimental  re¬ 
sults. 

•  At  760°  C  (1400°  F)  and  stress  ratio  of  0.1  (Figure  18d),  a  factor  of 
three  increase  was  observed  between  2.5  Hz  and  0.25  Hz  experimental 
results.  At  the  stress  ratio  of  0.5  an  order  of  magnitude  was  ob¬ 
served  for  the  same  change  in  frequency  (Figure  19c) .  With  hold 
periods  less  variation  in  growth  rate  existed  between  frequencies. 

•  When  approaching  the  lower  and  upper  asymptotes  the  frequency  of  the 
experiments  became  insignificant. 

2.  Hold  Time  Effects 


The  following  observations  have  been  made  with  regard  to  hold  time 
e  f feet  s . 


•  At  538°  C  (1000°  F)  hold  time  was  noninf luential  at  the  stress  ratio 
of  0.1  and  had  only  a  slight  effect  at  R  =  0.9  (Figures  18a  and  20). 

•  At  649°  C  (1200°  F)  and  a  stress  ratio  of  0.1,  a  90  second  hold 
period  increased  the  growth  rate  up  to  a  factor  of  20  for  all  three 
frequencies  (Figure  18b).  At  the  stress  ratio  of  0.9  and  2.5  Hz  a 
2-1/2  order  of  magnitude  increase  in  growth  rate  was  observed  when  a 
90  second  hold  period  was  added  (Figure  20b). 

•  At  760°  C  (1400°  F)  and  stress  ratio  of  0.1  the  difference  between 
the  fastest  cycle  (2.5  Hz)  and  slowest  cycle  (0.25  Hz  +  300  second 
hold)  produced  a  3  decade  increase  in  growth  rate  (Figure  18d) .  A 
two  order  of  magnitude  increase  was  observed  between  the  0.25  Hz 
(R  =  0.1)  condition  and  that  with  a  90  second  hold  period. 
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Figure  18,  Experimental  Results  of  Crack  Growth  Tests  Conducted  at  the 
Stress  Ratio  of  0.1. 
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Figure  20,  Experimental  Results  of  Crack  Growth  Tests  Conducted 
at  the  Stress  Ratio  of  0.9. 
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•  The  influences  of  hold  time,  when  present,  decreased  when  approach¬ 
ing  the  lower  and  upper  asymptotes. 

3 .  Stress  Ratio  Effects 

Increasing  stress  ratio  would  either  increase,  decrease,  or  not  change 
the  vertical  location  of  the  inflection  point  of  the  crack  growth  curve.  The 
direction  depended  on  the  other  test  condition.  The  range  between  AK*  and 
AKC  decreased  with  the  combination  of  increasing  stress  ratio  and  decreasing 
temperature . 

4 .  Temperature  Effects 

Temperature  had  the  following  effects  on  crack  growth  behavior. 

•  At  a  stress  ratio  of  0.1  without  hold  period,  approximately  1/2  an 
order  of  magnitude  variation  in  growth  rate  was  observed  between  the 
538°  C  (1000°  F)  and  760°  C  (1400°  F)  experimental  results  (0.25  Hz). 
When  a  300  second  hold  period  was  included,  a  three  decade  increase 
in  growth  rate  was  observed  between  the  two  temperatures.  As  would 
be  expected,  as  temperature  increased  the  influences  of  hold  time 
and  frequency  increased. 
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VI.  INTERPOLATE  MODEL 


The  interpolative  model  was  develop  using  modified  form  of  the  General 
Electric  Sigmoidal  Equation  to  relate  cyclic  growth  rate  to  stress  intensity 
range  for  conditions  within  the  limits  of  the  test  variables  investigated. 

The  modified  equations  contains  six  independent  coefficients  that  are  ex¬ 
pressible  as  the  slope  and  location  of  the  inflection  point,  the  lower  and 
upper  asymtotes,  and  the  lower  and  upper  shaping  characteristics  of  the  cycli 
crack  growth  rate  versus  stress  intensity  curve.  As  well  be  shown,  each  of 
these  parameters  are  relatable  to  the  four  test  variables;  namely,  tempera¬ 
ture,  stress  ratio,  frequency,  and  hold  time. 

A.  THE  MODIFIED  SIGMOIDAL  EQUATION 


In  the  late  sixties,  a  six  parameter  sigmoidal  equation  was  developed  by 
General  Electric  which  had  the  flexibility  of  corresponding  to  the  complete 
range  of  traditional,  nonsymmetric  cyclic  crack  rate  versus  stress  intensity 

data^  ^) . 


That  sigmoidal  equation  is: 


In  logarithmic  form: 

In  (da/dN)  =  B  +  P  ( in  AK  -  In  AK*)  +  Q  In  Un  AK  -  In  AK*)+ 

D  In  (In  AKC  -  In  AK)  (4) 

Figure  21  illustrates  the  manner  in  which  the  coefficients  of  Equation  3 
interact.  The  lower  and  upper  asymtotes  are  expressed  by  AK  and  AKC ,  respec 
tively.  The  coefficients  Q  and  D  are  shaping  coefficients  that  control  the 
lower  and  upper  sections  of  the  sigmoidal  curve  (see  Figure  21a).  Decreasing 
absolute  values  of  the  D  or  Q  exponents  results  in  a  sharper  transition  at 
the  appropriate  end  of  the  curve.  The  coefficient  P  adds  to  the  sigmoidal 
equation  a  control  of  rotation  at  the  inflection  point  of  the  crack  growth 
curve.  The  coefficient  B  consists  of  a  vertical  movement  of  the  curve.  The 
location  of  the  inflection  point  in  the  vertical  direction  is  controlled  by 
the  combination  of  B,  P,  and  AK*  (see  Figure  21b).  That  interaction  makes 
it  nearly  impossible  to  express  the  coefficients  of  the  Sigmoidal  Equation 
as  a  function  of  the  test  variables. 


ln_AR* _  I  in  AK* 


c 


FIGURE  ^Ib-  LOCATION  AND  ROTATION  OF  THE  INFLECTION  POINT  BY  THE 

SIGMOIDAL  EQUATION 


Figure  21.  Illustration  of  Affects  of  the  Coefficients  of  the  Sigmoidal  Equation. 


To  simplify  Equation  3  so  that  the  individual  coefficients  could  be  related  to 
the  test  variables  in  a  straight-forward  manner,  the  equation  was  modified 
to: 

da  B '  /  AK  \ P  /„  AK  \Q  / 

dN  “  6  (  AKi  )  \ln  4K*  )  \ln 

The  revised  coefficient  B’  is  simply  the  natural  logarithmic  magnitude  of  the 
vertical  displacement  of  the  inflection  point  of  the  symmetric  crack  growth 
rate  versus  stress  intensity  curve  from  the  crack  growth  rate  of  unity.  (see 
Figure  21b).  The  second  term  in  Equation  5  contains  AK;,  the  location  of  the 
inflection  point  on  the  horizontal  axis,  rather  than  AK*  as  in  Equation  3. 
However,  AKi  can  be  calculated  from  four  of  the  other  coefficients  by: 


AKc  \  D 
AK  j 


(5) 


AKi 


exp 


/Q  (in  AKc)  +  /-D  (in  AK*) 
✓Q  +  /-D 


(6) 


Further  modifications  permits  the  sigmoidal  equation  to  be  described  by  the 
vertical  location  of  inflection  point  (da/dN^),  the  horizontal  location  of 
inflection  point  (AKf),  the  slope  at  the  inflection  point  (da/dNi’),  the 
upper  and  lower  shaping  coefficients  (D  and  Q) ,  and  the  upper  and  lower 
asymtotes  (AKC  and  AK*): 


da 

dh 


Expressions  were  generated  to  relate  AKi,  da/dNi,  da/dNi',  AKc ,  AK*,  and  Q 
to  the  four  test  variables.  The  coefficients  in  Equation  5  are  obtained  by 
the  following  expressions. 


/ /Q  in  (AK£/ A^)  \  2 
\ln  (AKi/AK*)  / 


and 


B'  =  in 


da' 


-  Q  in  [(in  AKi/AK*)]  -  Din  [ln(  AKC/ AKi  )]  , 


P  =  ^  -  Q/ In  (AKi/AK*)  ♦  D/ln  ( AKC/ AKi)  . 


(9) 

(10) 


The  relationship  between  the  coefficients  in  Equation  7  and  the  four  test 
variables  will  be  given  in  the  following  subsections. 
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B.  MODELING  OF  EXPERIMENTAL  CONDITIONS 


The  slope  and  location  of  the  inflection  point,  asymtotes,  and  shaping 
coefficients  were  equated  to  temperature,  stress  ratio,  frequency,  and  hold 
time.  Some  of  the  coefficients  required  interaction  with  only  one  or  two  of 
the  four  test  variables.  Others,  such  as  for  the  inflection  point  were  found 
more  complex  and  related  to  all  four  test  variables.  In  many  situations  dur¬ 
ing  the  development  of  this  model  the  coefficients  governing  the  crack  growth 
curve  were  estimated  since  tests  were  not  conducted  at  all  possible  combina¬ 
tions  of  the  four  test  variables.  As  permitted  by  the  use  of  the  hyper- 
cuboctahedron  test  program,  the  estimations  were  achieved  by  considering  the 
surrounding  test  results  in  which  only  one  test  variable  was  different  from 
that  being  examined.  Details  of  each  of  the  derived  relationships  are  given 
below. 


1.  Stress  Intensity  At  Fracture,  AKC 


The  final  crack  length  was  measured  from  each  of  the  failed  specimen 
and  the  stress  intensity  range  calculated  based  on  that  c rack  length  and 
applied  loads  of  the  test.  A  correlation  of  the  final  stress  intensity  range 
to  frequency,  hold  period,  or  temperature  was  not  present.  There  was,  as 
would  be  expected,  a  dependency  on  stress  ratio,  such  that: 

AKC  =  AKmax  (1-R)  (11) 

The  value  of  AKmax  was  calculated  to  be  111  MPa  /m  122  ksi  /in. 


2 .  The  Lower  Asymtote,  AK* 

The  lower  asymtote  AK*,  was  estimated  from  each  set  of  da/dN  versus  AK 
data.  It  was  found  relatable  to  stress  ratio  and  temperature  and  independent 
of  frequency  and  hold  periods.  For  the  stress  ratio  of  0.1  and  temperatures 
between  538°  and  760°  C  (1000°  to  1400°  F),  AK*  was  estimated  as  10.98  MPa  /m 
(10  ksi/in).  When  plotted  versus  1-R  on  logarithmic  coordinates,  as  sug¬ 
gested  by  Klasnel  and  Lukas^)  for  the  threshold,  linear  relationships  were 
observed  for  each  temperature  (see  Figure  22),  so  that: 

AK*  =  4K*„,ax  (1 -R)n  (12) 

For  each  temperature,  AK*max  is  the  intercept  at  the  stress  ratio  of  zero,  and 
n  the  slope.  They  were  related  to  temperature  by: 

n  or  AK*raax  =  ax  +  b  (T-1000)d  ,  (13) 

where  a\,  b,  and  d  are  coefficients  determined  by  simple  regression  analysis. 
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Horizontal  Location  Of  Inflection  Point,  AKi 


The  cyclic  crack  growth  rate  and  stress  intensity  range  at  the  inflec¬ 
tion  point  (da/dNi,  AKi)  were  determined  for  each  set  of  experimental  data  by 
either  multiple  regression  analysis  or  simple  visual  inspection.  In  examina¬ 
tion  of  the  da/dNi  and  AKi  pairs  on  logarithmic  coordinates,  linear  rela¬ 
tionships  were  observed  for  each  combination  of  temperature  and  stress  ratio, 
so  that : 


AKi  =  (da/dNi,  R,  T) 


(14) 


Since  such  a  linear  relationship  between  AKi  and  da/dNi  exist,  then: 


AK£  *  c  (da/dNi)  ni  , 


(15) 


where  for  each  combination  for  temperature  and  stress  ratio,  C  represents  the 
intercept  of  the  relationship  at  da/dNi  unity,  and  nj  the  slope  between  the 
relationship  of  da/dNi  and  AKi.  Table  7  summarizes  these  constants.  Figure 
23  presents  all  pairs  of  da/dNi  and  AKi  at  the  stress  ratio  of  0.1.  Note 
that  at  this  stress  ratio,  temperature  was  noninf luential  on  the  relationship. 
The  intercepts  were  related  to  stress  ratios  by  the  expression: 


C  =  C  +  e(l-R)f 

@  0.1 


(16) 


where  e  and  f  were  related  to  temperature  using  the  form  of  Equation  13.  The 
slope  nx,  was  set  equal  to  0.13  for  stress  ratios  up  to  and  including  0.5. 

For  higher  stress  ratios  the  following  relationship  was  used  - 


nl 


(17) 


4.  Vertical  Location  Of  The  Inflection  Point,  da/dNi 


The  vertical  distance  of  the  inflection  point  from  the  crack  growth  rate 
of  unity,  da/dNi,  was  found  to  be  influenced  by  temperature,  frequency,  hold 
time,  and  stress  ratio: 


Table  7.  Slope  and  Intercept  (da/dN  =  1.0)  of  Linear 
Relationship  Between  da/dNj  and  AK£  for 
Various  Temperatures  and  Stress  Ratios. 


Temperature 

Stress  Ratios 

Slope 

Intercept,  ksi  /in. 

538°  C  (1000°  F) 

0.1 

.13 

120.5 

0.5 

.13 

77.27 

0.9 

.00 

8.00 

649°  C  (1200°  F) 

0.1 

.13 

120.5 

0.5 

.13 

77.27 

0.9 

.04 

8.69 

760°  C  (1400°  F) 

0.1 

.13 

120.5 

0.5 

.13 

77.27 

0.9 

.13 

16.37 

41 


log  (da/dtO,  INCH/CYCLE 


LOG  (da/dfO, 


6  (T,  v,  HT,  R) 


(18) 


da 

dN£ 


The  inflection  point  for  each  of  hold  time  conditions,  da/dNj^T,  was  found 
calcuable  by  adding  a  hold  time  damage  onto  the  location  of  the  inflection 
point  of  the  cycling  portion  of  the  wave  pattern,  da/dNf1^^,  such  that: 


The  second  term  on  the  right  side  in  Equation  19  was  related  to  temperature, 
frequency,  and  stress  ratio: 


da  CC 
dNf 


rf(v,  T,  R) 


(20) 


and  will  be  discussed  first. 


dacc 

a.  Inflection  Point  For  Continuous  Cycling  Conditions,  — 

For  each  stress  ratio  and  temperature  combination,  da/dNf  from  the  con 
tinuous  cycling  experiments  were  plotted  on  logarithmic  coordinates  versus 
the  time  per  cycle.  A  near  linear  relationship  existed  at  760°  C  (1400°  F) 
and  stress  ratio  of  0.5  (see  Figure  24).  This  was  the  only  condition  that 
three  frequencies  were  examined  and  a  variation  in  crack  growth  behavior 
was  observed. 

To  model  this  behavior: 


Log 


(21) 


was  used,  where  g,  h,  and  j  are  coefficients  related  to  temperature  and  stress 
ratio.  Without  the  exponent  h,  a  linear  relationship  is  described  by  the  ex¬ 
pression.  The  exponent  adds  curvature  to  the  relationship  that  was  required 
to  describe  the  760°  C  (1400°  F)  and  stress  ratio  of  0.9  condition  where 
blunting  of  the  crack-tip  reduced  the  rate  of  damage  at  0.025  Hz.  The  values 
of  g,  h,  and  j  are  presented  in  Table  8.  They  were  related  to  temperature  by 
Equation  13. 

The  stress  ratio  was  introduced  into  the  evaluation  by  calculating  a 
linear  relationship  for  da/dNf  versus  log  (1-R)  between  the  stress  ratio  of 
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Log  of  Crack  Growth  Rate  at 
Inflection  Point, da/dN  ,  Inch/Cycl 


Log  of  Crack  Growth  Rate  at 
Inflection  Point,  da/dN  ,mm/Cycle 


■ 


Table  8.  Coefficients  to  Determine  da/dNj 

For  Continuous  Cycling  Conditions. 


Temperature 

Stress  Ratios 

g 

h 

j 

538*  C  (1000*  F) 

0.1 

0.0 

1.00 

-4.88 

0.5 

0.2 

1.00 

-5.55 

0.9 

0.5 

0.99 

-6.20 

649°  C  (1200°  F) 

0.1 

0.0 

1.00 

-4.52 

0.5 

0.75 

1.00 

-5.00 

0.9 

0.95 

1.03 

-5.51 

760°  C  (1400°  F) 

0.1 

0.86 

1.08 

-4.52 

0.5 

1.29 

1.14 

-4.77 

0.9 

1.72 

0.72 

-4.77 
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0.1  and  0.5  and  extending  it  until  a  saturation  point  (no  change  in  da/dNj^ 
with  decreasing  1-R)  is  achieved.  That  is,  no  change  in  da/dN^  is  allowed 
to  exceed  that  for  da/dNi  at  R  =  0.9.  This  can  be  expressed  by: 


Log 


Log  da  R=0.1  /da  R=0*5 
dN^  /  dN^ 

(Log  0.9  -  Log  0.5) 


Log  (0.9/R) 


+ 


da  R  <3  o.i 
dNi 


(22) 


The  value  of  da/dNi  is,  however,  limited  to  the  value  of  da/dNi  calculated 
at  the  stress  ratio  of  0.9.  This  bi-linear  effect  has  been  observed  by 
others(8)  in  which  a  lower  saturation  condition  was  observed  for  the  coeffi¬ 
cient  governing  Region  I  crack  growth  and  an  upper  saturation  for  the  coeffi¬ 
cient  controlling  Region  II  crack  growth.  In  considering  the  location  of 
da/dNi  when  temperature,  frequency,  and  hold  perids  are  added  to  the  effect 
of  stress  ratio  this  assumption  appears  valid.  The  predicted  relationship 
between  da/dNi  and  (1-R)  for  continuous  cycling  condition  are  presented  in 
Figure  25. 


b.  Inflection  Point  For  Hold  Time  Conditions, 

- - - - -  a  N£ 

The  first  term  on  the  right  side  of  Equation  19,  the  hold  time  damage 
factor,  was  determined  to  be  influenced  by  temperature,  stress  ratio,  fre¬ 
quency,  and  hold  time: 


da  HT /daCC 
dNi  /  dNi 


{  (T,  R,  v,  HT) 


(23) 


When  this  damage  hold  time  factor  was  plotted  versus  the  duration 
hold  period  on  logarithmic  coordinates,  a  linear  relationship  was 
Figure  26  present  the  damage  factors  for  the  stress  ratio  of  0.1. 
a  linear  relationship  between  the  damage  factor  and  hold  period, 


of  the 
observed . 
Assuming 
then : 


log 


da^T  /da^C 
dNi  /  dNi 


k  + 


(24) 


where  for  each  combination  of  temperature,  frequency  and  stress  ratio  k  and 
e2  are  the  intercept  (at  20  seconds)  and  slope,  respectively.  It  will 
suffice  to  say  that  stress  ratio  was  manipulated  in  the  same  fashion  as  the 
non-hold-t ime  conditions.  Therefore,  the  only  discussion  will  be  to  be 
relate  k  and  e2  to  temperature  and  frequency. 
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FIGURE  25  Predictions  of  Inflection  Point  (da/dNj)  Versus  stress 

Ratio  (1-R)  for  Continuous  Cycling  Equipment 
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mm/Cycle 


HOLD  TIME  DAMAGE  FACTOR, 


Top  1/2  filled  =  2.5  Hz 
Bottom  1/2  filled  =  .025  Hz 
Empty  =  0.25  Hz 
Solid  =  .025  to  2.5  Hz 


□  649  °C.  ( 1  200°F ) 
A  760aC  ( 1 400°F ) 


Hold  Time,  Seconds 

FIGURE  26.  Hold  Time  Damage  Factor  Versus  Hold  Time  for 
the  Stress  Ratio  of  0.1  and  Two  Temperatures 
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The  slope  and  intercepts  for  the  frequency  of  0.25  Hz  were  related  to 
temperature  by  the  simple  power  expression: 


k  or  e2  *  r  (T-1000)s 


(25) 


where  r  and  s  were  evaluated  by  simple  regression  analysis.  For  each  tempera¬ 
ture,  the  coefficients  in  Equation  25  were  related  to  frequency  by: 


r  ,-r  s 


u  (log 


v 

.025 


(26) 


where,  once  again,  u  and  w  are  determined  by  simple  regression  analysis.  Tabu¬ 
lations  of  the  slopes  and  intercepts  for  each  combination  of  temperature  and 
stress  ratio  are  presented  in  Table  9. 


5.  Slope  Of  Inflection  Point,  da/dN^1 


The  slope  of  the  inflection  point  (da/dNj/)  was  modeled  in  the  same 
manner  as  the  location  of  the  vertical  location  of  the  inflection  point.  For 
each  stress  ration,  da/dNj/  is  calculated  by  Equation  19  through  21  and  23 
through  26,  substituting  da/dN^1  for  da/dN{  and  using  the  appropriate  coeffi¬ 
cients.  Each  of  the  three  stress  ratios  were  evaluated  separately  and  a  bi¬ 
linear  assumption  used  as  discussed  in  the  last  section.  Figure  27  show  the 
prediction  of  da/dN^'  versus  1-R  on  logarithmic  coordinates  by  the  model  for 
the  three  frequencies  without  hold  period.  The  data  points  indicate  the 
calculated  value  of  da/dN^'  from  the  tests  conducted. 


6 .  The  Lower  Shaping  Coefficients,  Q 

The  lower  shaping  coefficient  was  related  to  the  test  variables  rather 
than  the  upper  shaping  coefficient.  This  seems  appropriate  as  the  majority 
of  the  life  of  a  sample  is  consumed  in  the  low  growth  regime  where  the 

variables  have  a  chance  to  influence  growth.  To  determine  Q  the  relation¬ 

ships  between  the  coefficients  (da/dN^,  AK* ,  da/dN^',  aK,- ,  and  AK{)  and  test 
variables  were  implemented  into  Equation  7  along  with  Equation  8  and  an 
analysis  performed  on  each  set  of  experimental  crack  growth  data.  For  the 
760°  C  (1400°  F)  at  stress  ratio  from  0.1  to  0.9,  and  for  the  stress  ratios 

of  0.9  at  649°  C  (1200°  F)  the  coefficient  Q  was  found  nearly  equal  to  3.0. 

At  other  conditions  Q  was  relatable  to  stress  ratio  by: 

Q  *  n2  (1-R)  *• 57  (29) 


Where  n2  was  related  to  temperature  using  simple  regression  analysis  based 
on  Equation  13. 


Table  9.  Slope  and  Intercept  (at  20  Seconds)  for  Hold  Time 

Damage  Factor  Versus  Hold  Period  Duration  for  Vari¬ 
ous  Temperatures,  Stress  and  Ratio  and  Frequencies. 


Temperature 

Stress 

Rates 

Slope 

Intercept 

0.025  Hz 

0.25  Hz 

2.5  Hz 

0.025  Hz 

0.25  Hz 

2.5  Hz 

538°  C  (1000°  F) 

0.1 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.5 

0.0 

0.55 

0.64 

0.0 

0.0 

0.0 

0.9 

0.0 

0.64 

0.84 

0.20 

0.15 

0.47 

649°  C  (1200°  F) 

0.1 

1.00 

1.00 

1.00 

1.30 

1 

0.5 

0.88 

1.36 

1.45 

0.62 

0.9 

0.82 

1.36 

1.50 

0.55 

0.87 

760°  C  (1400°  F) 

0.1 

1.0 

1.0 

1.0 

0.46 

1.41 

0.5 

0.66 

0.93 

0.99 

0.10 

1.31 

0.9 

0.54 

0.90 

0.99 

0.25 

0.94 

2.65 
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C  .  SUMMARY  OF  INTERPOLATE  MODEL 

During  the  primary  test  program  observations  were  made  on  the  response 
of  the  crack  growth  behavior  of  AF115  to  the  four  test  variables  as  discussed 
in  an  earlier  section.  The  interpolative  model  was  developed  to  satisfy 
these  observations  which  will  be  briefly  summaried  within  the  following  para¬ 
graph. 


1 .  Response  Of  Coefficients  To  Test  Variables 

A  summary  of  the  coefficients  influenced  by  the  four  test  variables  are 
indicated  in  Table  10.  Figure  28  indicate  the  possible  movement  of  the  sig¬ 
moidal  cyclic  crack  growth  curve  relative  to  increasing  values  of  the  test 
variables  as  outlined  below. 

•  AKj.  decreased  with  increasing  stress  ratio;  independently  of  the 
temperature,  frequency  or  hold  time. 

•  AK*  decreased  with  decreasing  stress  ratio.  At  R  =  0.1,  AK*  was 
temperature  insensitive,  however,  for  higher  stress  ratios,  AK* 
was  lower  for  higher  temperatures  as  shown  in  Figure  22. 

•  The  location  of  Ak^  was  proportionally  related,  on  logarithmic 
coordinates,  to  da/dNf.  At  the  stress  ratio  0.1,  the  relationship 
between  the  two  was  insentitive  to  temperature  as  noted  from  pre¬ 
dictions  made  by  the  model  shown  in  Figure  23.  At  higher  stress 
ratios,  the  slope  between  the  da/dNj  and  AK^  relationship  increased 
with  decreasing  temperature  (compare  linear  lines  in  Figures  29  and 
30). 

•  The  location  of  the  inflection  point  on  the  crack  growth  axis, 
da/dN^,  increased  with  increasing  temperature  (Figure  31)  and  hold 
period  (Figure  32),  and  decreasing  frequency  (Figure  33).  With 
respect  to  stress  ratio  it  either  increased  (Figure  34)  or  de¬ 
creased  (Figure  35),  depending  on  the  other  test  condition.  When 
plotted  versus  (1-R)  on  logarithmic  coordinates,  a  saturation  point 
existed  for  a  given  set  of  conditions  that  da/dN£  did  not  surpass 
(Figure  25). 

•  The  slope  of  the  inflection  point  was  predictable  in  the  same  manner 
as  its  vertical  location.  It  decreased  with  increasing  hold  period 
and  temperature  and  increased  with  increasing  frequency  as  also 
indicated  in  Figures  31  through  33. 

•  The  lower  shaping  coefficient  was  constant  for  all  760°  C  (1400°  F) 
conditions  and  648°  C  (1200°  F)  and  stress  ratio  below  0.5.  At 
other  conditions  a  sharper  transition  existed  at  growth  rates  ap¬ 
proaching  the  lower  asymtote. 
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LOG  AK 


Figure  28.  Schematic  Effects  of  Model  Coefficients  on  the 
Modified  Sigmoidal  Equation. 
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CYCLIC  CRACK  GROWTH  RATE,  da/dn,  INCH/CYCLE 


STRESS  INTENSITY,  liK,  MPa 


CYCLIC  CRACK  GROWTH  RATE ,  da/dn,  INCH/CYCLE 


STRESS  INTENSITY ,  AK,  MPa 


Figure  30.  Illustration  of  Relationship  Between  AK-  and  da/dN 
at  R=  0.9  and  649°C  (1200°F) 


CYCLIC  CRACK  GROWTH  RATE,  da/dn,  INCH/CYCLE 


STRESS  INTENSITY,  AK,  MPa 


10  100  fooo 


Figure  31.  Illustration  of  Relationship  Between  da/dN^  and 
Temperature  at  R=  0.1  and  0.25  Hz. 
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Figure  32.  Illustration  of  Relationship  Between  da/dNj  and 
Hold  Time  for  R*  0.1  and  0.25  Hz. 


CYCLIC  CRACK  GROWTH  RATE,  da/dn,  INCJI/CYCLE 


STRESS  INTENSITY,  AK,  MPa  VTT 
10  100 


100( 


10  100 
STRESS  INTENSITY,  AK,  KSI  tfiT 


1009 


Figure  3^.  Illustration  of  Relationship  Between  da/dN  and 
Stress  Ratio  for  760°c  (l4oo°F)  and  0.25  H&. 
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Figure  35.  Illustration  of  Relationship  Between  da/dl^  and 
Stress  Ratio  at  649°C  (1200°F)  and  2.5Hz. 
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2.  Comparison  of  Experimental  Results  To  Model 


Figures  36  through  45  show  the  predicted  cyclic  crack  growth  curves  from 
the  model  versus  the  associated  data  from  the  experimental  program.  Within 
the  mid-region  of  crack  growth,  the  data  were  predicted  by  the  model  within  a 
factor  of  two.  At  growth  rates  approaching  the  asymtotes,  the  stress  inten¬ 
sity  calculated  from  the  experimental  results  were  within  15%  of  the  predicted 
values.  However,  as  will  be  shown,  the  worse  prediction  of  the  model  in  cal¬ 
culating  the  life  of  the  experiments  conducted  to  generate  the  model  was  a 
factor  of  5.5  with  the  overall  predictability  of  the  model  being  much  better. 
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Figure  36.  Actual  and  Predicted  Crack  Growth  Rate  Curve 
for  538°C  (1000°F),  R“0.1  Experiments. 
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Figure  37.  Actual  and  Predicted  Crack  Growth  Rate  Curves 
for  649® C  (12006F),  R*  0.1  Experiments. 
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Figure  39.  Actual  and  Predicted  Crack  Growth  Rate  Curves, 
for  760°C  (1400°F),  R=0.1  Experiments 
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Figure  40.  Actual  and  Predicted  Crack  Growth  Rate  Curves 
for  538°C  (I000°F),  R=  0,5  Experiments. 
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Figure  42.  Actual  and  Predicted  Crack  Growth  Rate  Curves 
for  760°C  (1400°F),  R=0.5  Experiments. 
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Figuio  43.  Actual  and  Predicted  Crack  Growth  Rate  Curves 
for  538°C  (1000°F) , R=  0.9  Experiments. 
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CYCLIC  CRACK  GROWTH  RATE,  da/dn,  INCH/CYCLE 
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Figure  M.  Actual  and  Predicted  Crack  Orov.th  Rate  Curves 
for  6^9°C  (1200°F),  R=0.9  Experiment:--. 
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Firure  Actual  and  Predicted  Crack  Growth  Rate  Curves 
for  7f0°C  (jAoo°F),  R=0.9  Experiments , 
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VI I .  COMPUTER  PROGRAMS 


A  computer  program  was  written  that  is  capable  of  determining  the  crack 
growth  rate  behavior  of  AF115  for  conditions  within  the  range  studied.  Those 
conditions  are  listed  below: 

Temperature  538°  -  760"  C  ( 1000°-1400'>  F) 

Stress  Ratio  0.1  -  0.9 

Frequency  0.025  -  2.5  Hz 

Tensile  Hold  Time  0  -  300  Seconds 

The  softwave  was  written  in  ANSI  Standard  FORTRAN  and  was  demonstrated  on 
the  CDC  6600  computer  system  at  WPAFB  under  NOS/BE  operating  system.  Because 
of  the  manner  that  this  model  was  developed,  the  program  is  not  capable  of  ex¬ 
trapolations  outside  of  the  conditions  listed  above.  A  listing  of  the  program 
is  given  in  Appendix  C.  The  input  for  the  program  consists  of  temperature  (F) , 
stress  ratio  (R),  time  for  cycling  portion  of  wave  pattern  (seconds),  and 
length  of  hold  period  (seconds).  The  inputs  are  separated  by  commas.  As  out¬ 
put,  the  cofficients  of  the  modified  Sigmoidal  Equation  (Equation  5)  are  given. 
The  crack  length  versus  cycle  number  for  a  specific  specimen  geometry  and  load 
conditions  can  be  determined  by  any  appropriate  iteration  routine.  An  example 
along  with  the  instructions  is  given  in  Appendix  C. 
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VIII.  VERIFICATION  OF  MODEL 


Four  verification  experiments  were  conducted  to  determine  the  accuracy 
of  the  interpolative  model.  Test  conditions  were  selected  by  the  Air  Force 
after  the  completion  of  the  model.  They  were: 


Tests 

1 

-  2: 

537° 

C 

(1000° 

F),  R  =  0.3, 

0.1 

Hz 

Tests 

3 

-  4: 

704° 

C 

(1300° 

F),  R  =  0.6, 

0.1 

Hz,  30  second  hold 

Results  of  the  experiments  were  graphically  present  in  form  of  a  crack 
length  versus  cycle  number  in  Figure  46,  and  da/dN  versus  4K  in  Figure  47. 
Included  are  the  predicted  curves  as  calculated  by  the  model.  Tabulation  of 
the  data  are  given  in  Table  11.  The  average  fatigue  life  of  two  verification 
tests  conducted  at  593°  C  (1100°  F)  was  within  30%  of  the  prediction  by  the 
model.  The  704°  C  (1300°  F)  experiments  were  less  accurately  predicted;  how¬ 
ever,  the  average  of  the  two  tests  were  still  within  a  factor  of  2-1/2  on 
total  life.  The  extent  of  the  accuracy  of  the  model  due  to  typical  scatter 
in  crack  growth  testing  will  be  reviewed  in  the  next  section. 
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Figure  46.  Crack  Length  Versus  Cycle  Number  of  Verification  Experiments. 
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Figure  47.  Predicted  and  Actual  Crack  Growth  Rate  for 
Verification  Experiments. 
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Table  11.  Results  of  Verification  Experiments. 
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DUK  W/I'N 

0 

.700 

1 

0 

.700 

100 

.71* 

2 

80 

.712 

161 

.732 

3 

149 

.725 

254 

.751 

8.56 

2.33C*e-04 
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14.46 

9.358*04 

1097 

.345 

23.48 
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28 
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29 
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30 
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31 
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2. 364*-03 

1157 

.5B3 

32 

1463 

.342 
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33 
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34 
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35 
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36 
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37 
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4.91 9#-03 

31 
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39 
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40 
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Table  11.  Results  of  Verification  Experiments  (Concluded). 
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IX.  DISCUSSIONS 


A.  CHARACTERISTICS  OF  THE  INTERPOLATIVE  MODEL 


The  following  characteristics  of  the  interpolat ive  model  developed  within 
this  program  were  considered  significant  features  required  by  the  model. 

•  Non-symmetr ic  cyclic  crack  growth  rate  versus  stress  intensity 
curves  were  generated  by  the  model.  In  many  of  the  experimen¬ 
tal  results,  such  as  S/N  5-5  in  Figure  18,  nonsymmetric  charac¬ 
teristics  of  crack  growth  curves  were  observed.  No  physical 
reasoning  was  known  for  suspecting  crack  growth  behavior  of  a 
sample  to  be  symmetric  about  some  point,  even  though  a  number 
of  models  by  other  authors  contain  this  characteristic. 

•  The  model  distinguished  a  difference  between  various  wave  pat¬ 
terns  of  equal  duration.  For  example, the  growth  behavior  of 

a  slow  cycle  with  short  hold  period  was  predicted  differently 
than  a  fast  cycle  with  long  hold  period  of  equal  time.  This 
approach  varied  from  others  (9,  10)  where  the  use  of  total  time 
per  cycle,  regardless  of  the  frequency  or  hold  period,  was  used 
to  correlate  the  data.  As  noted  in  Figure  48,  the  use  of 
crack  growth  rate  per  unit  time  (da/dt)  significantly  reduced 
the  range  of  variation  in  the  experimental  results  in  compari¬ 
son  to  crack  growth  per  cycle  (compare  the  variation  in  growth 
rate  between  the  experimental  results  shown  in  Figures  48  and 
18d).  Even  though  the  variation  was  reduced  on  the  da/dt  plot, 
an  order  of  magnitude  variation  in  crack  growth  behavior  still 
existed.  This  amount  of  variation,  as  will  be  shown  later,  was 
unacceptable  for  low  stress  ratio  conditions.  The  model  was 
developed  by  separating  the  cycle  into  two  phases,  the  cycling 
portion  and  a  hold  time  portion.  By  this  method  it  contains 
the  necessary  ingredients  to  predict  crack  growth  behavior  of 
difficult  wave  patterns  such  as  fast  cycles  with  short  hold 
periods . 

•  The  model  was  developed  so  that  each  of  the  coefficients  in  the 
modified  sigmoidal  equation  (Equation  5)  were  independent  and 
related  to  the  test  variables.  Three  of  the  coefficients  were 
acquired  from  the  inflection  point  region,  an  area  generally 
well  defined.  Two  of  the  coefficients  are  the  asymtotes.  The 
upper  asymtotes  were  easily  estimated  (see  Section  VI  B.l). 

In  the  past  the  lower  asymtotes  have  been  considered  to  have 
significant  impact  on  life  predictions.  As  will  be  shown  in 
the  next  paragraph,  a  wide  range  of  variation  in  the  lower 
asymtote  can  be  compensated  by  the  lower  shaping  coefficient, 

Q.  The  lower  shaping  coefficient  was  the  final  coefficient 
evaluated,  and  calculated  by  performing  a  simple  regression 
analysis  that  produced  the  optimum  correlation  to  the  data 
after  the  relationships  of  the  test  variables  to  the  other 
coefficients  were  known  and  implemented  into  the  analyses. 
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Figure  48.  Results  of  760°C  (1400°F)  and  Stress  Ratio  of  0.1 
Plotted  as  da/dt  Versus  AK  Rather  than  da/dN. 


CYCLIC  CRACK  GROWTH  RATE,  da/dN,  ram/CYCLE 


The  crack  growth  curves  were  asymtotic.  It  is  easily  understood 
that  such  a  behavior  was  expected  when  approaching  the  unstable 
crack  growth  regime.  At  the  lower  end,  the  modified  sigmoidal 
equation  had  the  flexibility  of  adjusting  the  lower  shaping  coef¬ 
ficient  Q,  to  account  for  the  selection  of  the  lower  asymtote. 

As  shown  in  Figure  49  two  cyclic  crack  growth  curves  are  present, 
one  with  a  lower  asymtote  of  10.98  MPa  /in  (10  Ksi  / in . ) 
and  the  other  at  9.33  MPa  /in  (8.5  Ksi  /in . ) .  In  regions  above 
2.5  x  10~5  mm/cycle  (10“^  inch/cycle),  no  significant  variation  be¬ 
tween  the  curves  was  present.  Nor  was  there  any  difference  indi¬ 
cated  in  the  life  prediction  using  the  two  coefficients  as  shown  in 
Figure  50.  Recall  that  the  selection  of  AR*  was  based  on  high 
frequency,  no  hold  time  experimental  results  that  produced  growth 
rates  in  the  10“^  mm/cycle  (10-^  inch/cycle)  regime.  In  most 
turbine  applications  it  is  expected  that  life  analysis  would  be 
initiated  within  this  region,  partially  a  result  of  the  current 
capabilities  of  the  reliable  crack  detection  technique. 


B.  COMPARISON  TO  OTHER  STUDIES 

In  order  to  accurately  access  the  results  of  the  inte  polative  model,  the 
capabilities  of  other  predictive  techniques  and  confidence  within  crack  growth 
data  will  be  reviewed.  Numerous  studies  have  been  conductged  to  describe  crack 
growth  behavior  of  various  materials  at  room  temperatures.  The  effects  of  stress 
ratio  has  been  an  ingredient  of  many  of  these  studies.  Of  course,  the  influ¬ 
ences  of  hold  time  and  frequency  are  of  little  importance  at  room  temperatues. 

At  elevated  temperature  where  time-dependent  damage  can  occur,  some  attempts 
have  been  made  to  describe  a  material's  capability  to  resist  fatigue  crack  propa¬ 
gation  (9-17).  A  few  observations  from  these  studies  are  listed  below. 

1.  In  a  studyd®)  which  included  68  crack  propagation  tests  conducted 
at  room  temperature  under  constant-amplitude  loading  and  s  single 
set  of  conditions,  the  raw  crack  length  versus  cycle  measurements 
varied  by  30%  on  the  cycle  coordinate.  A  factor  of  two  in  crack 
growth  rate  at  equivalent  stress  intensity  values  was  constantly 
observed  in  the  da/dN  versus  Ar  when  the  seven  point  incremental 
polynomial  method  was  used  to  calculate  da/dN. 

2.  In  another  study  by  Hudak^-^)  which  included  the  development  of 
the  three  component  interpolat ive  model  for  room  temperature  con¬ 
dition  and  stress  ratios  from  0.1  to  0.8,  a  45%  error  was  calcu¬ 
lated  when  the  model  was  used  to  predict  the  life  of  one  of  the 
experiments  used  in  the  development  of  the  model.  Only  eight  of 
the  66  experiments  used  to  develop  the  model  were  evaluated  by 
the  model. 


A  2  to  1  intral aboratory  (within  the  same  lab)  variability  in 
crack  growth  rate  measurements  was  typically  observed  in  an  ASTM 
round-robin  program^^)  0n  crack  growth  variability.  The  overall 
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CYCLIC  CRACK  CROWTH  RATE,  ua/dNJ ,  INCH/CYCLE 


CYCLIC  CRACK  CROIJTH  RATE,  da/dN  mm /Cycle 


inter laboratory  variability  was  approximately  a  factor  of  three. 
Fifteen  laboratories  participated  within  this  program  and  all  tests 
were  conducted  at  one  condition  (room  temperature,  5  Hz,  R  =  0.1). 
It  was  concluded  by  the  authors  that  the  state-of-the-art  (1975) 
variability  under  optimum  room  temperature  testing  conditions  was 
about  2  to  1  on  da/dN  at  a  given  AK  level  for  a  single  homogeneous 
material . 

4.  The  best  simple  correlation  of  hold  time  and  stress  ratio  (R  =  0.05 
through  0.8)  effects  on  Inconel  718  at  650°  C  (1200°  F)  was  by  the 
maximum  stress  intensity  value  on  a  da/dt  basis(lO),  This  method, 
however,  produced  a  factor  of  4-1/2  on  crack  growth  rate  at  mod¬ 
erate  growth  rates  with  larger  variations  at  low  and  high  growth 
rates.  In  another  study(20;  on  the  same  material,  a  factor  of 

two  was  observed  in  the  crack  growth  rate  427'  C  (800'  F)  for 
three  stress  ratios  (R  *  0.05,  0.333,  and  0.5)  when  the  Walker 
expression  was  used  to  correlate  the  data.  The  highest  measured 
growth  rate  in  this  study  was  only  5  x  10“  ^  inch/cycle  since  the 
specimens  were  not  cycled  to  failure. 

5.  In  reviewing  the  variation  of  creep  crack  growth  rate  experiments, 
it  was  noted(21)  that  crack  growth  rates  at  a  given  value  of  AK 

is  about  a  factor  of  thirty.  A  much  less  variation,  a  factor  of 
four,  was  noticed  in  the  work  done  in  another  study(22)  on  inconel 
718. 

Based  on  these  room-temperature  studies,  the  interpo lat ive  model  was  ex¬ 
pected  to  have  a  minimum  error  possibility  of  a  factor  of  two.  The  elevated 
temperature  environment  could  possibly  increase  this  factor.  Furthermore, 
based  on  typical  creep  crack  growth  data,  the  error  probably  would  increase 
with  increasing  stress  ratio. 


C.  ASSESSMENT  OF  INTERPOLATIVE  MODEL 


In  order  to  assess  the  reliability  of  the  interpolative  model,  a  measure 
of  variation  was  achieved  by  predicting  the  life  of  experimental  conditions 
used  to  generate  the  model  and  comparing  those  results  of  the  experimental 
data.  For  each  test  conducted  in  the  primary  test  program,  the  test  condi¬ 
tions  were  entered  into  the  interpolative  model  and  the  coefficients  of  the 
modified  sigmoidal  equation  calculated.  An  intergration  of  the  equation  with 
the  coefficients  was  then  conducted  for  each  condition  by  the  Gauss  Quadrature 
technique,  resulting  in  predictions  of  crack  length  and  cycles  number.  For 
any  experiment  that  the  da/dN  versus  AK  curve  was  determined  by  successively 
increasing  the  crack  length  or  loads,  only  the  final  segment  was  analyzed. 
Tabulated  in  Table  12  are  comparisons  between  the  predicted  and  actual  number 
of  cycles  to  failure.  Also  included  are  the  ratios  between  the  two  lives. 

With  the  exception  of  two  specimens  (S/N  11-2  and  10-7),  the  predicted  lives 
were  within  a  factor  of  three  of  actual  life,  with  93  percent  of  those  within 
a  factor  of  two.  Shown  in  Figure  51  are  plots  of  the  logarithm  of  the  ratio 
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Table  12.  Predicted  and  Actual  Lives  from  a  Given  Crack  Length  of 
Specimens  Conducted  in  Primary  Test  Matrix. 
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HOLD  TIME,  SECONDS 

Figure  Sla.  Deviation  Versus  Hold  Time 


LOG  FREQUENCY 

Figure  Sib,  Deviation  Versus  Frequency 
Figure  51.  Deviation  in  Actual  and  Predicted  Lives  Versus  Four  Test  Variables 


of  the  actual  and  predicted  lives  versus  each  of  the  four  test  variable.  As 
noted,  the  predictions  of  the  primary  matrix  experiments  were  evenly  scattered 
from  the  ideal  prediction  line.  The  verification  test  predictions  were  non¬ 
conservative  but  within  the  range  of  deviation  of  the  primary  matrix  pre¬ 
dictions.  It  is  obvious  that  the  deviation  was  proportionally  related  to 
stress  ratio  which  can  be  explained  by  the  increase  in  scatter  in  creep  crack 
growth  experimental  results  in  comparison  to  cyclic  crack  growth  experiments. 
While  the  modeling  of  the  stress  ratio  effects  on  the  inflection  point  was 
somewhat  complex  and  requires  a  minimum  of  three  levels  of  stress  ratio,  the 
use  of  the  Walker  Expression  (Eq.  1)  was  found  considerably  less  accurate  as 
indicated  in  Figure  52.  The  deviation  of  temperature  and  hold  time  were 
generally  uniform.  It  appeared  that  the  deviation  increased  with  increasing 
frequency;  however,  this  is  believed  to  be  attributed  to  the  fewer  tests  con¬ 
ducted  at  slow  frequencies. 


D.  ERRORS  IN  THE  MODIFIED  SIGMOIDAL  EQUATION 
1 .  Precracking  Method  Influences 

As  with  any  model  of  this  nature,  the  typical  scatter  of  the  experiments 
will  produce  different  impacts  on  the  life  predicting  success  of  the 
model.  In  the  construction  of  the  primary  test  matrix,  four  replica 
experiments  were  placed  at  the  center  of  the  hypercubroctahedron  box 
design.  The  results  of  the  four  replica  tests,  conducted  at  649°  C 
(1200°  F) ,  R  =  0.5,  0.25  Hz  and  9  second  hold  period,  are  present  in 
the  plot  of  da/dN  versus  AK  in  Figure  41.  As  noted,  a  factor  of  three 
differences  in  growth  rate  was  determined  from  the  experimental  results 
which  might  be  considered  high,  based  on  other  studies.  If  the  one  set 
of  data  was  eliminated  (Specimen  8-5),  the  scatter  in  the  growth  rate 
was  reduced  to  less  than  factor  of  two.  In  examination  of  the  four 
experimental  results,  it  was  noted  that  specimen  8-5  was  the  only  speci¬ 
men  of  the  four  which  was  prepacked  at  room  temperature.  Shown  in 
Figure  53  are  photographs  of  the  fracture  surfaces  for  specimen  8-5 
along  with  that  of  specimen  11-1,  also  tested  at  the  same  conditions. 

Note  that  the  crack  front  of  specimen  8-5  was  initially  uneven  and,  in 
fact,  remained  uneven  throughout  the  test.  The  difference  between  the 
two  surface  crack  lengths  was  0.090  inch  at  the  start  of  the  experiment 
and  finished  at  0.066  inch.  This  was  not  uncommon  for  many  of  the  room 
temperature  precracked  specimens.  Addit ional ly ,  many  of  the  room  tempera¬ 
ture  precrack  specimens  had  considerable  curvature  at  initiation  of  the 
elevated  temperature  tests  which  rapidly  decreased  after  little  growth 
(see  Figure  10).  It  is  believed  that  there  was  an  influence  on  the 
da/dN  versus  AK  results  when  the  surface  crack  measurements  were  uneven 
or  if  significant  change  in  the  crack  front  occurred  shortly  after  the 
initiation  of  the  test.  The  exact  influence  that  these  observations 
had  on  the  growth  rate  behavior  or  calculation  are  not  understood  by 
the  author. 
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Figure  52.  Comparison  of  Actual  Data  and  Prediction 
Using  Walker  Equation  for  7t>0°C  (HOOF), 
0.25  Hz  and  No  Hold-Time. 
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2 .  Effect  of  Observed  Scatter  at  the  Replica  Test  Condition 

The  variation  in  crack  growth  behavior  in  the  results  of  the  replication 
experiments,  along  with  observations  from  other  studies  was  applied  to 
each  of  the  coefficients  of  the  interpo lat ive  model  to  establish  the 
least  overall  possible  error  within  the  model.  Of  the  four  replication 
experiments,  Specimen  4-6  produced  an  extremely  good  correlation  by  the 
"best  fit"  model  as  indicated  in  Figure  54.  Its  initial  crack  length 
and  test  loads  were  selected  to  study  the  effect  of  the  observed  scatter 
in  the  data.  The  value  of  da/dN  at  the  inflection  point  was  varied  so 
that  a  factor  of  two  existed.  The  stress  intensity  at  the  inflection 
point  was  varied  by  a  total  factor  of  1.25.  The  slope  of  the  inflection 
point,  asymtotes,  and  upper  shaping  coefficients  were  varied  by  ±  10%. 
Each  of  the  values  were  separately  fixed  within  the  interpolative  model 
and  the  coefficients  of  the  modified  sigmoidal  equation  determined.  In 
Figure  55,  the  effect  that  these  changes  had  on  the  crack  growth  calcu¬ 
lation  are  graphical  presented.  The  location  of  the  inflection  point 
appears  to  have  the  largest  impact  on  life  and  can  easily  be  determined. 
The  lower  asymtote  has  somewhat  less  impact.  Less  than  a  factor  of  two 
change  in  life  was  noted  due  to  a  change  of  any  one  of  the  coefficients 
within  the  limits  set  above  (Figure  55A  through  55c).  When  the  modifica¬ 
tions  were  combined  to  form  a  worse  case  condition,  the  influence  was 
approximately  a  factor  of  three  (see  Figure  55D). 

3.  Effect  of  Scatter  in  the  Verification  Tests 


Since  the  interpolative  model  was  accurate  only  within  an  average  factor 
of  2-1/2  for  the  704°  C  (1300°  F),  R  =  0.6,  and  0.1  Hz  with  a  30  second 
hold  verification  test  condition,  the  source  of  error  of  this  test  con¬ 
dition  was  examined.  In  the  comparison  of  the  crack  growth  data  versus 
the  prediction  (Figure  47),  it  was  obvious  that  the  predicted  location 
of  the  da/dN  at  the  inflection  point  was  at  least  a  factor  of  two  lower 
than  the  data.  Furthermore,  the  lower  asymtote  appears  somewhat  in¬ 
correct  in  the  prediction.  If  the  inflection  point  was  increased  by  a 
factor  of  2.25  and  the  AK*  decreased  by  10%,  the  verification  test 
condition  would  have  been  accurately  preducted  (see  Figure  56).  Errors 
by  the  model  in  determining  the  coefficients  of  the  verification  con¬ 
dition  were  close  to  what  was  considered  typical  variation  in  crack- 
growth  data. 

In  consideration  of  the  test  conducted  within  the  primary  test  matrix 
with  conditions  close  to  surrounding  the  verification  test  condition, 
it  was  noted  that  experimental  data  was  scarace.  For  example,  the  only 
649"  C  (1200°  F)  tests  conducted  at  the  stress  ratio  of  0.5  were  the 
four  replica  test  at  a  single  condition  (0.25  Hx  plus  9  second  hold 
period)  which  produced  a  calculated  inflection  point  at  1.8  x  10~3 
mm/cycle  (7  x  lO--'  inch/cycle).  At  760°  C  (1400°  F)  and  stress  ratio 
of  0.5,  the  nearest  experimental  results  were  from  tests  conducted  at 
0.025  and  2.5  Hz  without  hold  periods,  with  resulting  inflection  points 
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PREDICTED  CURVE  BY 
INTERPOLATIVE  MODEL 


Figure  54  Correlation  of  S/N  4-6  Experimental  Results  and  Predicted  Curves 
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Figure  55b.  Variation  of  Location  of  Inflection  Point,  da/dNj  and  AKj 


Figure  55 


Influence  of  Typical  Variation  of  Parameters  Used  In  The 
Sigmodial  Equation 


CRACK  LENGTH,  mm  CRACK  LENGTH,  mm 
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of  3.0  x  10“1  mm/cycle  (1.2  x  10~2  inch/cycle)  and  7.6  *  10“ 3  nun/ 
cycle  (3.0  x  10“^  inch/cycle).  Thus,  the  nearest  relative  conditions 
to  this  verification  test  were  at  temperatures  of  -  38°  C  (100°  F) ,  a 
slightly  lower  stress  ratio,  and  most  importantly,  resulting  growth- 
rates  at  the  inflection  point  of  almost  an  order  of  magnitude  difference. 
As  would  be  expected,  some  inaccuracies  exist  within  the  modeling.  In 
retrospection  of  the  primary  test  matrix,  some  comments  appear  worthy. 


E.  CRITICAL  TESTS  FOR  MODEL  APPLICATIONS 


Prior  to  discussing  the  required  amount  of  data  required  to  apply  the 
interpolat ive  model  for  another  material,  the  test  matrix  used  to  develop  this 
model  will  be  reviewed. 

1 .  The  Designed  Matrix  for  This  Program 

Tests  conducted  to  develop  the  interpolative  model  were  based  on  the  "4- 
factor  hypercuboctahedron"  test  matrix  design,  with  ten  additional  test 
conducted  to  enhance  the  matrix.  Figure  57  illustrates  the  designed 
matrix.  Each  circle  in  the  figure  represents  a  single  test,  except  for 
the  solid  point  at  the  center  which  represents  the  four  replication  ex¬ 
periments.  The  five  X's  in  the  figure  indicate  the  conditions  where  the 
extra  tests  were  added  to  enhance  the  matrix.  The  other  five  additional 
tests  are  listed. 

The  hypercuboctahedron  designed  matrix  populates  the  majority  of  the  ex¬ 
periments  at  the  extremeties  of  each  test  variables.  When  a  model  is 
already  known,  this  type  of  design  permits  a  more  uniform  confidence  in 
the  predictions  as  a  function  of  the  test  variable.  If  the  test  condi¬ 
tions  had  been  evenly  distributed  within  each  test  variable,  then  the 
best  confidence  in  a  prediction  would  be  expected  at  the  center  with 
less  confidence  at  the  extremeties.  It  should  be  noted  that  the  basic 
hypercuboctahedron  test  matrix  does  not  include  three  levels  of  any 
single  test  variables  to  be  examined  while  the  other  variables  are  held 
constant.  Therefore,  ten  tests  were  added  to  the  hypercuboctahedron 
test  matrix  to  supplement  the  test  program.  Four  of  the  ten  tests  were 
conducted  at  conditions  which  results  were  redundant  of  the  results 
collected  from  the  hypercuboctahedron  matrix  program.  For  examples, 
specimens  4-7  and  8-1  were  conducted  at  538°  C  (1000°  F)  and  stress 
ratio  of  0.1,  a  condition  where  crack  growth  was  known,  from  the  other 
data,  to  be  time  and  cyclic  independent  (see  Figure  19a).  The  other  two 
tests,  specimens  9-4  and  9-1,  were  conducted  at  the  mid-frequency  level 
(0.25  Hz )  at  648°  C  (1200°  F)  and  a  stress  ratio  of  0.1.  The  two  outer 
frequency  level  experiments  from  the  hypercuboctahedron  designed  matrix 
produced  essentially  identical  crack  growth  curves.  Since  specimens 
9-1  and  9-4  showed  that  there  was  no  in  crack  growth  between  the  high 
and  low  frequencies,  as  would  be  expected,  no  new  information  was  added 
by  the  test  at  0.25  Hz.  While  temperature  and  long  hold  time  effects 
were  well  defined  for  the  stress  ratio  of  0.1  and  frequency  of  0.25  Hz 
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by  four  of  the  remaining  six  additional  tests  conducted  to  enhance  the 
program,  there  was  only  a  single  set  of  conditions  [760°  C  (1400°  F) ,  R  = 
0.5]  in  which  three  levels  of  frequency  were  examined.  At  this  condition, 
a  significant  frequency  effect  was  present.  There  was  no  single  condition 
where  three  levels  of  hold  time  were  conducted  except  at  538°  C  (1000°  F) 
where  hold  time  did  not  have  an  influence  on  crack  growth  behavior. 

During  the  development  of  the  model,  because  of  voids  in  the  matrix,  ap¬ 
proximations  of  crack  growth  behavior  were  required.  At  some  conditions 
the  approximations  were  obvious.  For  example  the  9  second  hold  time, 

760°  C  (1400°  F),  and  0.25  Hz  point  in  Figure  26  was  derived  from  the  2.5 
and  0.025  Hz  with  9  second  hold  period  experimental  results  which  produced 
essentially  identical  crack  growth  characteristics  (see  S/N  3-3  and  8-8  in 
Figure  18).  Other  conditions,  especially  at  the  center  of  the  matrix, 
the  approximations  were  more  difficult  and  required  consideration  of  two 
or  more  test  variables.  In  hindsight,  the  approximations  could  have  been 
simplified  by  a  better  selection  of  the  ten  extra  test  conditions. 

2 .  Test  Requirements  for  Model  Development  of  a  Similar  Material 

During  the  model  development,  a  few  observations  were  made  and  assumed 
valid.  These  observations,  as  listed  below,  will  be  considered  appli¬ 
cable  in  establishing  the  recommendations  for  applying  the  interpolat ive 
model  to  similar  materials. 

1.  The  vertical  location  and  slope  of  the  inflection  point  was 
linearly  related  (logarithmic  coordinates)  to  the  length  of 
hold  time  (see  Figure  26). 

2.  The  vertical  location  and  slope  of  the  inflection  point  for 
continuous  cycling  conditions  was  linearly  related  to  fre¬ 
quency  (see  Figure  24)  except  for  high  stress  ratio  and 
temperature  situations  when  blunting  slowed  down  the  crack 
growth . 

3.  For  each  temperature  and  stress  ratio  combination,  the  hori¬ 
zontal  position  of  the  inflection  point  was  linearly  related 
to  its  vertical  position  (Figure  23). 

4.  The  vertical  location  and  slope  of  the  inflection  point  was 
related  to  1-R;  however,  for  a  given  tempeature  and  wave  pat¬ 
tern,  the  location  and  slope  will  not  exceed  a  saturation 
level  (Figure  25  and  27). 

5.  The  upper  asymtote  was  related  only  to  stress  ratio  (Equa¬ 
tion  11). 

6.  The  lower  asymtote  was  related  by  the  expression  suggested 
by  Klesnil  and  Lukas'  (7).  The  constants  were,  however,  a 
function  of  temperature  (Figure  22). 
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The  following  minimal  tests  were  required,  using  these  assumptions,  to 
apply  the  model  to  a  similar  material  without  the  necessity  of  estimating 
crack  growth  behavior  through  the  interactions  between  test  variables,  as 
required  in  this  program.  To  determine  the  coefficients  for  the  linear  re¬ 
lationships  (Equation  21)  between  the  vertical  location  and  slope  of  the  in¬ 
flection  point,  and  the  frequency  for  the  continuous  cycling  conditions  (as  in 
Figure  24),  two  tests  are  required  for  each  stress  ratio  and  temperature  com¬ 
bination.  Considering  three  levels  of  stress  ratio  and  temperature,  this 
would  require  18  tests.  To  evaluate  the  hold  time  damage  factor  as  discussed 
in  Section  VI,  B.4.6,  the  vertical  location  and  slope  of  the  inflection  point 
are  assumed  linearly  related  to  the  length  of  hold  time.  Thus,  two  experi¬ 
ments  are  required  to  determine  the  relationship  (Equations  24-26).  Since 
these  relationships  will  vary  for  each  temperature,  frequency,  and  stress 
ratio,  a  total  of  fifty-four  tests  are  required  when  three  levels  of  each 
variable  are  examined.  For  best  results,  conditions  should  be  selected  so 
that  the  tests  produce  both  a  large  and  small  magnitude  of  hold  time  damage. 

By  collecting  the  information  for  these  two  relationships, the  other  relation¬ 
ships  between  the  test  variables  and  coefficients  are  easily  attainable. 

Thus,  72  tests  are  recommended. 

If  the  tests  were  conducted  in  a  systematic  fashion,  the  number  of  tests 
could  be  reduced  as  results  were  accumulated.  For  example,  in  the  case  of  AF 
115  at  the  stress  ratio  of  0.1,  there  was  not  a  frequency  or  hold  time  effect 
at  538°  C  (1000°  F),  or  a  frequency  effect  at  649°  F  (1200°  F) .  In  considering 
this,  only  three  tests  would  be  required  at  538°  C  (1000°  F) ,  two  frequencies 
and  one  hold  time,  rather  than  eight  tests  recommended  above.  At  649°  C 
(1200°  F),  the  number  of  tests  could  be  reduced  by  three  by  examining  only  two 
frequencies  and  three  hold  periods. 

Additional  reduction  in  testing  might  be  possible  if  additional  assump¬ 
tions  are  made.  For  example,  at  stress  ratio  of  0.1,  the  slope  between  the 
hold  time  damage  factor  and  hold  time  might  be  constant  as  suggested  in  Figure 
26.  Another  assumption  might  be  that  if  the  cyclic  frequency  could  be  con¬ 
sidered  insignificant  for  long  hold  time  conditions,  then  only  one  frequency 
would  be  required  with  a  long  hold  period.  Near  the  creep  regime,  the  data 
might  be  well  correlated  by  da/dt  rather  than  da/dN,  thus  reducing  the  number 
of  test  in  the  area.  Each  of  these  areas  need  further  exploration  to  deter¬ 
mine  if  and  when  these  observations  are  valid. 

Testing  costs  and  time  to  acquire  this  information  could  be  greatly  re¬ 
duced  by  the  method  proposed  by  Gangloff  (24)  in  which  the  entire  range  of 
stress  intensity  normally  found  in  compact  tension  specimens  is  acquired  much 
faster  in  cylindrical  bars  with  EDM  notches.  As  an  example,  the  efficiency 
of  this  approach  can  be  made  using  the  coefficients  of  the  modified  sigmoidal 
equation  generated  in  this  program  for  649°  C  (1200°  F),  R  =  0.1,  0125  Hz. 

With  an  initial  crack  growth  rate  of  1  x  10^  mm/cycle  (4  x  10-'’  inch/cycle), 
the  testing  time  in  this  surface  flawed  tensile  bar  would  be  reduced  from  11 
days  down  to  27  hours.  Furthermore,  material  requirements  can  be  reduced 
since  the  specimen  material  required  for  surface  flawed  tensile  specimen  is 
considerably  less  than  the  compact  tension. 


The  purpose  of  this  program  was  to  develop  an  improved  understanding  of 
crack  growth  behavior  of  AF115  and  to  develop  a  method  for  predicting  its  be¬ 
havior  under  turbine  operating  conditions.  The  quantity  of  data  generated 
in  this  program  were  by  no  means  sufficient  for  design  purposes,  especially 
since  only  a  single  heat  of  material  was  examined.  Four  heats  of  material 
might  be  considered  the  minimum  acceptable  quantity  to  be  investigated  before 
the  ret irement-for-cause  concept  could  be  considered  for  life  management  of 
AF115  or  any  other  turbine  disk  material.  Consideration  must  be  given  to 
the  number  of  tests  per  independent  variable.  The  manner  in  which  the  data 
are  analyzed  must  be  considered  since  it  has  been  shown  (18)  to  significantly 
impact  the  statistical  confidence  of  the  predicted  properties.  For  example, 
the  incremented  sliding  polynomial  technique  (as  used  in  this  program)  pro¬ 
duced  different  scatter  than  the  Secant  method  which  calculates  the  slope 
between  each  set  of  adjoining  crack  length  versus  cycles  pairs.  Surprisingly, 
the  modified  Secand  method  was  found  to  introduce  the  least  amount  of  vari¬ 
ations  into  the  growth  rate  data,  even  over  more  complex  techniques.  This 
method  averages  two  adjacent  crack  growth  rates,  calculated  by  the  Secant 
method,  so  that  the  growth  rate  data  coincide  with  the  original  crack  length 
versus  cycle  data. 


X.  CONCLUSIONS  AND  RECOMMENDATIONS 


An  interpolat ive  model  has  been  developed  to  determine  crack  growth  be¬ 
havior  of  AF115  under  a  wide  range  of  test  conditions  typical  of  disk  oper¬ 
ating  conditions.  The  following  conclusion  and  recommnedat ions  are  made  from 
the  observations  generated  during  in  the  development  of  the  model  and  verifi¬ 
cation  of  it. 

1.  The  range  of  the  test  variable  examined  had  a  significant  influence 
on  crack  growth  behavior  of  AF115. 

2.  Linear-elastic-fracture  mechanics  can  be  used  to  predict  crack 
growth  behavior  of  a  single  geometry  and  limited  load  levels  how¬ 
ever,  this  has  not  been  verified  for  other  geometries. 

3.  The  modified  sigmoidal  equation  and  its  coefficients  is  capable  of 
predicting  the  typical,  non-symenetric  crack  growth  rate  curve  for 
various  test  conditions  by  equating  the  coefficients  to  the  test 
variab les . 

4.  The  scatter  associated  with  cyclic  crack  growth  rate  testing  is  a 
factor  of  three  or  more  at  a  stress  ratio  of  D.5,  possible  due  to 
to  the  use  of  the  room-t emperature  precracking  techniques  for  many 
of  the  experiments  conducted  within  this  program.  It  is  recommended 
that  future  elevated  temperatures  crack  growth  rate  testing  he  con¬ 
ducted  with  precracking  conducted  at  elevated  temperature  with  final 
conditions  being  at  actual  test  conditions. 

3.  The  possibility  of  error  associated  with  the  interplative  model  in¬ 
creases  with  increasing  stress  ratio.  It  is  recommended  that  a 
statistical  evaluation  of  the  range  of  scatter  of  typical  crack 
growth  rate  experimental  results  be  evaluated. 
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23. 8’ 

0.2340000E-03 

25.  <5 

0.2470000E-03 

21.5' 

0. 28'OOOOE -03 

31.35 

0.3400000E-03 

SPECIMEN  NO.  3-3 
DAD* 

0.2600000E-03 
0.2I70000E-03 
0.2920000E-03 
0.254OOOOE-O3 
O.210OOOOE-O3 
0.1640000E-03 
0.1940000E-03 
0.3900000! -03 
0 .4870000! -03 
D.5910000E-03 
O.055OOOOE-O3 
0.7190000E-03 
O.755OOO0E-03 
0.7790000E-03 

8.H2000QE-03 
0.11 70000E -03 
0.8560000E-03 
0.9350000E-03 
0.UJ00OOE-O2 
9.1330000E-02 
Q.UQOOOQE-O: 
0.1440000E-02 
9.1830000F-0: 
0. 2020000E -02 
0.2120900E-02 
0.2HOOOOE-02 
0 . 2240000E-02 
0.2J60000E-02 
O.2MOO0OE-02 
9.26I0O00E-02 


SPECIMEN  NO.  3-4 


8ELK 

DADN 

7.12 

0.3290000E-02 

7.22 

0.3260000E-02 

7.40 

0.5540000E-07 

7.59 

O.S3IOOOOE -02 

7.79 

0.5540000E -02 

8.01 

0.532O0OOE-O2 

9.22 

0.4910000E-02 

1.41 

0.4440000E-02 

1.57 

8.4390000E-0? 

8.74 

0.4790000E-02 

8.96 

0.5210OOOE-O? 

9.25 

0.5400000E-02 

9.55 

0.5990000E-02 

10.20 

0.6040000E-02 

10.54 

0.4340000E-02 

10.89 

0. 702OOOOE -02 

11.11 

0.9540000E -02 

12.00 

0. 1220000E-0! 

i 


DELK 

15.93 

14.14 

14.42 
14.68 

14.75 
14.8’ 
17.26 

17.97 
18.21 
18.61 
19.05 
19.44 
20.09 
20.47 
21. H 

21.97 
22.84 
23.9’ 
25.4  2 

27.43 
30.»3 
32.51 

35.44 

39.75 
45.14 
40.70 
54.74 
41.53 

48.89 

75.44 


SPECIMEN  NO.  4-1 

DEU 

DADN 

8.«4 

0.2130000E-D2 

9.86 

0.2940000E-02 

10.38 

0.3290000E-02 

10.  '1 

0.3350000E-02 

11.28 

0.3940000E-02 

12.1? 

0.4740000E-02 

12.96 

0.5450000E-02 

14.00 

0.4140000E-02 

18.30 

0.01 40000E-02 

21 .41 

0.1070000E-01 

31.9? 

0. 1 34O0O0E-0’ 

39.11 

0.1 430000E-01 

SPECinEN  no.  4-2 

DECK 

DADN 

7.56 

0.1070000E-02 

7.65 

0. 107OOOOE-O? 

7.75 

0.2000000E-02 

7.83 

0.2240000E-02 

7.98 

0.2440000E-02 

8.12 

0.2740000E-02 

0.27 

0 . 20  8000  OE -02 

8.64 

0.3700000E-02 

9.13 

0.4490000E-02 

9.84 

0.4040000E-02 

10.90 

H.7940000E-02 

11.64 

0  9410000E-02 

12.46 

0.  1 1 OOOOE -01 

14.06 

O.i J20000E-01 

16.24 

0.1630000E-01 

18.13 

0.1B80000E-01 

19.85 

0.2060000E-0! 

23.45 

0.2370000E -01 

24.74 

0.2640000E-01 

SPECIMEN  ND.  4-3  » 

•ELK 

DADN 

8.00 

0.1000000E-06 

13.39 

0.3550000E-05 

18.17 

0.8060000E-05 

20.92 

0.7B40000E-05 

25.36 

0 . 1 1 70000E -04 

24.51 

0.1550000E-04 

29.81 

0.2390000E-04 

33.98 

0.5800000E-04 

34.41 

0.3940000E-04 

35.2? 

0.4170000E-04 

35.99 

0.4390000E-04 

36.76 

0.661 OOOOE -04 

37.58 

0.7020000E-04 

38.47 

0.7480000E-04 

39.52 

8.I430000E-04 

40.71 

I.9350000E-04 

42.19 

0.1 100000E-03 

44.05 

0. 1 290000E -03 

44.41 

0. 1580000E-03 

47.86 

0.1 820000E-03 

49.69 

0.2370000E-03 

SPECIMEN  NO.  4-4 

BEik 

DADN 

3.17 

0.4090000E-03 

3.23 

0.4450000E-03 

3.31 

0.45400001-03 

3.45 

0.5080000E-03 

3.61 

0.5460000E-03 

3.78 

0.5800000E-03 

4.08 

0.61 70000E -03 

4.34 

0.6510000E-03 

4.53 

0.683O0O0E-O3 

4.11 

0.7260000E-03 

5.3? 

O.014OOOOE-O3 

5.9! 

0.8840000E-03 

4.55 

0.9010000E-03 

7.30 

0.9460000E-03 

1.02 

0.9760000E-03 

SPECIMEN  ND.  4-5 


DELK 

PAl* 

>8.08 

O.M?OOt*OE  •  02 

18.26 

0. 1250000L  02 

18.52 

0.1 43oooo[ -c: 

18.83 

0.1650000E  c: 

19. O’ 

0. 1 760000E -0. 

19.47 

0 . 1 92OCO0E -0: 

19.80 

o.?ioooooe-c: 

20.25 

0.2360000E -0: 

20.76 

o.?65oooo{-r: 

21.97 

0.3490000E-0: 

0. 3840000! -c: 

23.60 

0.45500001-02 

25.12 

O.54B0000E-0: 

26.2’ 

0.6150000*  c: 

?-.S? 

0.69000001 -c: 

2»  .41 

0.76600001  c: 

31  .’6 

o.s’poooti  - 

35.3  b 

0. lOlOOOvt -  0 ' 

44.95 

0 . 1 3 "*000 CE  : 

46.68 

0.16800001-0* 

48.4! 

o.r»3  oooct-c 

51.44 

0 .24000001  -O' 

54.80 

0 . 263000GE -  0 ! 

SPECIMEN  NO.  4-6 


Dptk 

Ml'* 

7.30 

O.IOOOOOOE-Ot 

11.06 

O.029OOOOE-O5 

M.1  B 

0.80O0OOOE-05 

11.32 

0.9240000E-0! 

11.46 

0.9760000E-05 

11.78 

0.1 130000E-04 

12.1? 

0.1310000E-04 

12.65 

0. 1550000E -04 

13.25 

0.1B30000E-04 

14.04 

0.21 SOOOOE  *04 

15.08 

0.2490000E-04 

16.45 

0.2I60000E-04 

17.30 

0.3070000E-04 

18.29 

0.3330000E-04 

19.45 

0.3630000E-04 

20.91 

0.90600001-0* 

22.  -*8 

0. 47300001-04 

25.40 

0.5830000E-D4 

25.79 

0.7240000E-04 

29.51 

0. 970000 OE-04 

SPECIMEN  NO.  4-7 

DElK 

MON 

26.39 

0.11 20000E -  04 

28.4? 

0 . 1 240000E -04 

40.82 

0.4080000E-04 

51.26 

0.7830000E-04 

51  .63 

0 .022OOOOE -04 

52.3? 

0. » OTOOOOE -03 

5?.63 

0. 1 71 OOOOE -C3 

56.16 

0.1870000E-03 

59.64 

0.2020000E05 

61  .66 

0.2240000E-03 

62.79 

0.2250000E  ’ 3 

64.26 

0 .2470000E - C  3 

70.95 

0.3460000E-03 

72.24 

0.4540000! -03 

73.05 

0.5460000! -0 J 

73.78 

0.6090000! -03 

74.85 

0.6060000EC3 

75.91 

0.6040000! -03 

76.76 

0.5610000E-CI 

78.03 

0.474Q0C0E -C3 

79.12 

0.4910000! - C  3 

82.06 

0.63400001-03 

85.0? 

0.890000 Of -C? 

17.48 

0.14  OOOOOE -O; 

90.72 

0.1330000E  -  O'. 

94.61 

0.1830000!  c: 

96.62 

0.1980000!  C-: 

SPECIMEN  NO.  4-8 


0EU 

DAM 

7.44 

0. 1080000E -c: 

? .  4e 

0.9690000E-06 

7.48 

0.9200000! 'Of 

7.5a 

0.1260000E -05 

7.71 

C.158QOO0E-O5 

7.73 

0 . 1320000! -05 

7.7? 

0.1400000E-05 

7.78 

0. 1400000E-P5 

7.80 

0.1300000! -05 

7.82 

O.MBOOOOE-O! 

7.98 

0.1450000! -03 

8.14 

0.1340000E-0! 

8.20 

0. 1 150000E-03 

8.22 

0.1230000E-05 

8.26 

0.1030000E-05 

6.33 

0.11 SOOOOE -05 

8.53 

0.2240000E-0! 

6.61 

0. 1590000! -05 

8.64 

0. 1 790000! -05 

8.68 

0.1920000E-05 

8.93 

0.2040000E-03 

9.19 

O.20"*OOOOE  -05 

9.23 

0 . 28BOOOOE -05 

9.20 

0.21  ?OOOOE -0! 

9.32 

0.21 700001-05 

9.36 

0.203000CE-0! 

9.39 

0.21 1 OOOOE -05 

9.44 

0.2050000E-05 

9.46 

0 . 1 520000! -03 

9.58 

0.1 05OOOOE-O5 

9.?2 

0.2590000E-05 

9.78 

0.2740000E-0! 

9.84 

0.2820000E-05 

9.92 

0.3' 40000E -0* 

9.99 

0.2340000E-05 

10.05 

0.25400001-05 

10.11 

0.2770000E-05 

SPECIMEN  NO.  5-1 


DELK 

DADN 

6.62 

0.4680000E-05 

8.73 

0.7890000! -05 

9.31 

0.8110000E-05 

11.59 

0. 75IOOOOE -05 

12.50 

0. 1 800000! -04 

12.90 

0 . 1 000000! -03 

SPECIMEN  NO.  5-2 


DELK 

DADN 

2.30 

0.6070000E-03 

2.35 

0.6610000E-03 

2.41 

0.7310000E-03 

2.48 

0.7680000E-03 

2.53 

0.7900000E-03 

2.5? 

0.8380000E -03 

2.64 

0 .91 90000C -03 

2.70 

0.9640000! -03 

2.85 

0.1050000E-0? 

2.93 

0.11 JOOOOE-O? 

3.06 

0.1280000E-0: 

3.05 

0. 1 230000E -02 

3.24 

0.1440000E-0: 

3.32 

0.13000001-02 

3.48 

0. >530000! -0: 

3.6' 

0 . 1580000! -0? 

3.94 

0. I66OOOOE -O: 

4.14 

0. 1 790000! -  0? 

4.54 

0.2160000E-02 

4.8! 

0.2430000! -0? 

5.35 

0.2610000! -0? 

5.68 

o.r^ooooi  -0: 

6.29 

0 .2710000! -or 

7.00 

o.2?oooooe-o: 

7.66 

0. 2A',OOOOE  - 0: 

8.66 

O.??40OOOf  0: 

9.34 

0. 209O0CO! -0: 

10.1? 

0. 2880000! -0: 

.  rtt*cv  ir#S7*  VS.  CUll  NU9M*  CURVES  NEVE  tST 

{,isu«o  t»i.  POims  *»t  poi.'S  »,mc  E1' 


INVOUGn  INC 
EM)*  1M4T  CU*‘.'E. 
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SPECIMEN  NO.  5-3  * 


SPECIMEN  NO.  5-7 


SPECIMEN  BO.  7-8 


SPECIMEN  NO.  8-3 


KLf 

DA  Of 

10.33 

0.2570000E-05 

1 1.6" 

0.3360000E-05 

13.24 

0 . 3® 1 OOOOE -05 

14.89 

0 .550000 OE -05 

16.®’ 

0.8800000E -05 

19.3; 

0. 1  140000E -04 

21.70 

0.2040000E-04 

26.42 

0.2500000E -04 

30.20 

0.427OOOOE -04 

30.63 

0.4540000E  -  C'4 

31.09 

0. 4 ""OOOOE -0* 

31 .58 

0.495vtOOE04 

32.10 

0.525000CE - C4 

32.64 

O.S7OO*0OE-O4 

33.26 

0.6290v OOE- 04 

34.00 

0.7070000E-04 

34.85 

0 . 821 OOOOE -04 

35.91 

0.955000CE-04 

3" .  1  6 

0. 1 150000E -03 

38.’: 

0  .  1  4  6  0  0  0  0  E -03 

40.89 

0.2050000E -03 

44.36 

0.46 00 ’A  CE  (  ? 

SPEC 

IIMEN  NO.  5*5 

DEir 

i*4 :  * 

1  “  .06 

o.  1  oooc-f  -o: 

T7.B3 

0.9250000E -c; 

18.83 

o.notoorc  -C’ 

19.'4 

o.l 3500 OOE -O’ 

20.’? 

0. i 45000CE  ■<’ 

20.5" 

0.1500000E-01 

21.0" 

0.1550000E-C1 

2’. 5’ 

0 . 1 650000E -C 1 

22.0" 

0.1800UC0E-OJ 

22.  "0 

0.2020000E -01 

23.4- 

0.2200000E-0’ 

24.45 

0.2270000E-01 

25.45 

0.2300&C0E-O1 

26.40 

0.2280000E -O’ 

22.42 

0.2420000E- Cl 

28.55 

0.2590000E-01 

29.98 

0.2950000E-01 

31.95 

0.3350000E-01 

34.30 

0.371 OOOOE - 0 ’ 

37.20 

0.41 0OOOOE -01 

40.88 

0. 4820000E -0’ 

46.20 

0.5540000E-01 

53.83 

O.640OOOOC-OI 

66.68 

0 . 7350000E -01 

85.68 

O.85O0uv0E-Oi 

SPECIMEN  NO.  5-6 


DELk 

IiADN 

21.16 

0. 1 100000E-04 

21.88 

0 . 1  ?  3  00  OOE -  04 

22.  "6 

0 . 1 3IOOOOE -  04 

23.80 

0. 1 570000E -04 

25.10 

0. 1  04OOOOE -04 

26.79 

0. 2350000E -  04 

27.87 

0.2890000E-04 

29.34 

0.37600CCE -04 

31.50 

0.5040000E-C4 

33.82 

0. A3  T  OOOOE - ON 

37.3" 

O.02OOOOOE-O4 

42.13 

O.1O0OOCOE-O3 

47.10 

0.13300001  03 

50.33 

0. 1520000E -03 

54.71 

0 . 1 790000E -  03 

66.06 

0 . 2000000E -03 

8’.40 

0. 330000 JE  C 3 

DELK 

DADN 

9.89 

0.6530000E-06 

10.01 

0.4B20000E -06 

10.06 

0.3750000E-06 

10.06 

0.4150000E-0. 

10.12 

0.5000000E-06 

10.21 

0.651 OOOOE -06 

10.57 

0.1170000E-05 

10.93 

0. 1 400000E-05 

11.13 

0.1450000E-05 

11.34 

0 . 1 500000E -05 

11.43 

0. 1 56000CE -05 

1 1 .58 

0. 1 660000E -05 

12.02 

0. 1 900000E -05 

12.48 

0. 1 970000E -05 

12.62 

0 . 1 940000E -05 

12.84 

0 . 2040000E -05 

13.1" 

0.201 OOOOE -  05 

13.53 

0.21 70000E -05 

14.06 

0.2520000E-05 

14.84 

0 . 3050000E -05 

15.39 

0. 3300000E -  05 

15. "4 

0.3490000E-05 

18.45 

0.471 OOOOE -05 

19.38 

0.5320000E-05 

19."2 

0.5720000E-05 

:c."6 

0.6320000E-05 

22.5! 

0.7600000E-C5 

23.64 

0 .  B3JOOOOE -05 

2'  .o3 

0.1 180000E-04 

3C.2e 

0. 1 420000E -04 

34.48 

0.1590000E-04 

SPECIMEN  NO.  5-8 

DELK 

DADN 

18.04 

0.4220000E-05 

18.92 

0.5020000E -05 

19.52 

0.5550000E-05 

20.68 

0.6420000E-05 

21 .89 

0 .7430000E -05 

23.58 

O.06OOOOOE-O5 

24.45 

0.9590000E-05 

24.91 

0 . 1 0800  OOE -04 

25.38 

0.11 50000E -04 

25.85 

0.11 90000E -04 

26.48 

0.1 320000E-04 

28.0" 

0. 1 640000E -04 

30.09 

0.2160000E-04 

43.90 

0.4500000E-04 

SPECIMEN  NO.  7-4 


DELK  DADN 


19.65 

0.4700000E-02 

22.09 

0.6000000E -02 

23.34 

0.8000000E -02 

24.46 

0.91 40000E -02 

26.26 

0. I040000E -0 1 

28.9" 

0.1220000E-01 

32.72 

0. 1 440CO0E -01 

38.45 

0 . 1 71 OOOOE -01 

47.89 

0.2070000E-01 

53.19 

0.2240000E-01 

66.41 

0. 21 80000E -01 

78.18 

0.2750000E-01 

DEiK 

DADN 

DELK 

DADN 

10.19 

D.3650000E-02 

20.52 

0.1220000E-03 

10.37 

0.3740000E-02 

20.66 

0. 1300000E-03 

10.5" 

0.3740000E-02 

21.30 

0.1430000E-03 

10.77 

0.3130000E-02 

21.78 

0 . 1 640000E -03 

10.87 

I.2770000E -02 

22.37 

0. 1 B90000E -03 

10.97 

0.2540000E -  0? 

23.05 

0.231 OOOOE -  03 

11.32 

0. 2860000E -  02 

23.96 

0.2970000E -03 

11.55 

0.3290000E -or 

24.53 

0. 3560ODOE -03 

12.03 

6.3820000E -02 

25.27 

0.43400001-03 

12.44 

0.3950000E-02 

23.79 

0.3430000E-03 

12.73 

0.4030000E-02 

24.37 

0. 4090000E -03 

13.16 

0.4530000E -  02 

26.32 

0.5320000E-03 

13.81 

0.5280000E-02 

27.80 

0. 69900001-03 

14.50 

0.6520000E -02 

26.14 

0. 7270000E-03 

15.12 

0.7710000E-02 

28.65 

0 . 706OQOOE -03 

15.5? 

0.81 90000E -02 

32.20 

0.11 SOOOOE - 02 

16.27 

0.8860000E-0? 

32.60 

0. 1 040000E -02 

17.23 

0.9540000E-02 

32.60 

0.1080000E-0? 

18.13 

0. 1 06  OOOOE -01 

34.70 

0.1200000E-02 

19.29 

0.11 60000E -  0 1 

37.60 

0.1360000E-02 

21.21 

0. 1 300000E -  0 1 

36.48 

0.1900000E-02 

23.85 

0 . 1 470000E -0 1 

41.72 

0.291 OOOOE -02 

26.56 

0.16 1 0OOOE -  0 1 

42.93 

0. 341 OOOOE -02 

29.9? 

0.  IB70000E- 01 

45.64 

0. 4280000E -02 

34.96 

0.2360000E-01 

53.22 

0.61 10000E-02 

37.33 

0.2490000E-01 

50.8? 

0.6670000E-02 

40.30 

0.2550000E-01 

65.60 

0.9140000E-02 

44.50 

0.2530000E-01 

SPECIMEN  NO.  8-4 

46.41 

0.2280000E-01 

DELK 

DADN 

SPECIMEN  NO.  8-1  « 

DELK 

DADN 

19.32 

0.37 WOO C'E  if 

19.47 

0.383000  *E-Cr. 

18.0? 

0.1590000E-05 

19.59 

0.3700000E-C5 

18.24 

0.1960000E-05 

19.68 

0 .42000001 • 05 

18.51 

0.2340000E -05 

19.81 

0.441 OOOOE -05 

18.83 

0.2740000E-05 

20.14 

0.5I700COE-0* 

T9. 23 

0.3160000E-05 

20.31 

0.5250000E-0* 

19.69 

0.3510000E -05 

20.69 

0.54600001-05 

20.20 

0.398000DE-D5 

21.91 

0.6350000E -0* 

20.81 

0.4560000E-05 

23.45 

0.7620000E-05 

21.55 

0 . S3 1 0OOOE -  05 

24.54 

0.8490000E-C5 

22.46 

0. A260000E -05 

24.6" 

0.91 80000E -05 

23.62 

0.7620000E-05 

24.9V 

0.7B30000E • 05 

25.16 

0.991 OOOOE -05 

25.14 

0.82"0O00E-C5 

27.43 

0. 1 380000E -04 

25.21 

0.7730000E-05 

31 .61 

0.2280000E-04 

25.50 

0.8490000E-05 

36.84 

0.3700000E-04 

26.73 

0.1  1 20000E - 04 

45.38 

0.6490000E-04 

26.98 

O.f I30000C-04 

27.35 

0.11 0OOOOE -  04 

27.78 

0. 1220000E-C4 

28.2? 

0.1270000E-04 

29.10 

0.138000CE-04 

31.22 

O.109OOOOE-O4 

32.07 

0 . 1 770000E -04 

32.64 

0. 1 970000E -  04 

33.51 

0.21 70000E -  04 

34.09 

0 . 225O0C0E -04 

35.21 

0.2580000E-04 

36.32 

0.2950000E-C4 

37.30 

0.3230000E-C4 

38.05 

0.3620000E-C4 

39.58 

0 . 4270000E -0< 

40.95 

0.4870000E-04 

43.99 

0,61400001-0* 

45.20 

0. 7050000E -  04 

45.49 

0 .74200001 -04 

46.86 

0.8250000E -C* 

48.20 

0.980000CE-C4 

50.51 

0.12 2000 OE  Cl 

53.53 

0 . 1 600000E -  03 

55.39 

0 . 17?OOOOE -  03 

56.48 

0. 1 940PO0E -  0? 

59.36 

O.22"0O0OC-03 

61.58 

0.2830000E -03 

65.38 

0 .4O5OOO0E -  03 

67.10 

0.522000CC -Ci 

69.6! 

0.6480000E  c: 

•  CRACK  LENGTH  I'S.  CYCLE  NUHIEP  CURVES 
EXISTING  DATA  POUTS  AND  ADDITIONAL 


WERE  ESTIMATED  THROUGH  THE 
POINTS  EXTRACTED  EROH  THAT  CURVE. 
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specimen  m.  e-5 


DEIK 

DAHN 

7.50 

0. 1000000E-05 

11.11 

0.1940000E-04 

1 1.4? 

0.7* 70000E-04 

1 1  . 

0.2490000E-04 

It. 79 

0.2300000E-04 

11.92 

0.2340000E-04 

tc.ov 

0.2460000E-04 

12.2? 

0. 23700001 -04 

12.45 

R.2560000E-04 

12.63 

0.7B30OO0E -04 

12.75 

0. 2860000E -04 

12.8? 

0.2950000E-04 

13.00 

0.301 OOOOE -04 

13.17 

0. 3230000E -04 

13.2? 

0. 3370000E -  04 

13.4’ 

0.3420000E  *04 

13.58 

0.3430000E-04 

13.45 

0.3430000E -04 

13.75 

0.3310000E-04 

13.86 

0.3450000E -04 

13.96 

0.3600000E-04 

14.15 

0.4000000E-04 

14.41 

0.4160000E-04 

14.71 

0.4070000E-04 

14.90 

0. 40 1 0OOOE -04 

15.13 

0.1920000E-04 

15.18 

0.4120000E-04 

15.3? 

0.4550000E-04 

15.55 

0.4700000E -04 

15.76 

0.444 00001-04 

15.96 

0.4620000E-04 

U.  14 

0.4780000E-04 

16.66 

0.5620000E-04 

17.15 

0.6460000E -04 

18.32 

0.6160000E -04 

19.10 

0.9140000E-04 

19.84 

0.1050000E -03 

20.68 

O.I170000E-03 

21.12 

O.I260000E-03 

22.14 

0.1430000E-03 

23.88 

•.I860000E-03 

25.32 

0.2460000E-U3 

29.17 

0.3570000E-03 

SPCCIHEN  NO.  B-C 


PE  IK 

4.00 
4.09 
4  .16 
4 .20 
4.27 

4.45 

4.56 

4.78 
5.12 

5.31 
3.51 

5.93 

SPECIMEN 

DELK 

17.21 

22.00 

29.96 
13.83 

33.96 
34.16 

34.34 
34.51 
34.49 
34.87 
35.06 

35.25 
35.46 
35.66 
35.86 
*6.06 

36.30 
36.54 

36.78 
37.03 

17.30 
37.59 
37.90 
38.24 


DAI>N 

0.3900000E-03 
0.4580000E-03 
0. 4630000E -  03 
0.5850000E-03 
0 . 63B0000E -03 
0.7390000E *03 
0.8490000E-03 
0.9650000E-03 
0.9560000E-03 
0.9350000E-Q3 
0.1080000E-02 
0.1310000E-02 

NO.  b-,  « 
DADN 

0.I640000C-04 
0.2400000E-04 
0.3920000E-04 
0.4040000E-04 
0.6180000E-04 
0.4390000E  *04 
0.6430000E-04 
0.6500000E-04 
0.4570000E  04 
0.66100001  04 
3.A710000E-04 
0.4890000E-04 

0 . 7OOOO0OE-O4 
0,71 1000  OE -04 
0.7290000E-04 
0.7390000E-04 
0 . 7640000E -04 
0.7860000E-04 
O.e2»OOOOf-04 
0.8500000E -04 
0. 9000000  E-C' 4 
0.9500000E-C4 
0.1010000E-03 
0.1090000E-03 


SPECIMEN  NO. 


SPECIMEN  NO.  9-4 


SPECIMEN  NO.  9-8 


IELK 

0ADN 

16.27 

0. J55OOOOE-03 

16.64 

0.36BOOOOE-03 

1  6.91 

0,41 50000E -03 

17.22 

0. 4390000E  ~03 

17.47 

0.4520000E-03 

17.96 

0.46  4  OOOOE -03 

18.34 

O.4610OOOE-O3 

18.71 

0.5020000E -03 

19.13 

0.5280000E-03 

19.74 

O.615OCO0E-O3 

20.36 

0.624COOOE-03 

20.91 

0.6790000E-03 

21.63 

0 .71 40000E -03 

22.45 

0.736000  OE - Q3 

23.02 

0 . 7B30000E -03 

23.81 

0 . 8350000E -03 

25.04 

0 . 981 OOOOE -03 

27.98 

0. 1 J30000E-02 

32.10 

0. 1 ’30000E-02 

36.67 

0.2040000E -02 

44.3? 

0.2440000E-02 

52.35 

0.2740000E-02 

62.70 

0.3300000E -0? 

/:.93 

0.3990000E-02 

SPECIMEN  NO.  9-1 

DEL* 

DA  I'M 

16.44 

0.2760000E-04 

16.4? 

0. 2920000E -0* 

16.85 

0.2870000E  < 

16.98 

0.2730O00L-0A 

17.40 

0 . 3450000E-04 

17.48 

0 . 3630000E -04 

17.64 

0.4050000E-04 

18.41 

0.5730000E-04 

19.00 

0 . 7020000E -04 

20.05 

0.I89OOOOE-O4 

20.25 

0.9840000E-04 

20.62 

0. 1 080000E-03 

20.94 

0.1Q90000E-03 

23.71 

0. 1 800000E  03 

25.70 

0.2330000E-V*1 

26.88 

0.2720000E-03 

27.8’ 

0 . 3640000E-03 

27.96 

0.3630000E-03 

30.63 

0.5330000E-03 

35.42 

0.9070C00E-03 

45.74 

0. 1470000E-02 

SPECIMEN  NO.  9-3 


DEIK 

DADM 

18.02 

0.1906000E-04 

18.22 

0.2190000E-04 

16.66 

0.2580000E-04 

19.20 

0.2670000E-04 

19.48 

0.2690000E-04 

20.  OB 

0.2930000E-Q4 

20.65 

0.3230000E-04 

20.81 

0.31 BOOOOE-04 

21.14 

0.3330000E-04 

21.54 

0.3650000E-04 

22.03 

O.37O0O0OC-O4 

22.42 

0.4440000E-04 

23.2? 

0.481 OOOOE -04 

24.44 

0 . 4940000E -04 

25.29 

0.4730000E-04 

26.37 

0.4390000E-04 

27.01 

0.4490000E-04 

27.57 

0.4530000E-04 

28.77 

0.5530000E-04 

30.10 

0.7370000E-04 

35.28 

0.1540000E-03 

36.76 

0.20700C0E-03 

42.67 

0.7810000E-03 

49.95 

0.3590000E-03 

54.80 

0. 46 10000E -03 

62.80 

0.6000000E-03 

77.10 

0.8540000E-03 

63.10 

0.1800000E-02 

IELK 

DADN 

17.61 

0.2380000E-05 

17.75 

0.2510000E-05 

17.89 

0.2980000E-05 

18.21 

0.33B0000E-05 

18.57 

0.1740000E-05 

18.96 

0.41 40000E -0 5 

19.42 

0.4640000E -0* 

19.96 

0.5250000E-05 

20.59 

0.5960000E-05 

21.37 

0. 6800000E -05 

22.31 

0.7760000E-05 

23.47 

O.895CO0OE-O5 

24.15 

O.IO3O0OOE-O4 

24.95 

0.1 240000E-04 

25.88 

0.1570000E-04 

27.24 

0.2190000E-04 

29.57 

0.3250000E-04 

34.06 

0.541 OOOOE-04 

45.27 

O.P5a  r>rtonF-o* 

SPECIMEN  NO.  9-7 

DELK 

DADN 

25.24 

0.2060000E-03 

25.49 

0.1 09OOOOE  *03 

25.69 

0. 2020000E -03 

25.89 

0 . 1 01 OOOOE-03 

26.51 

0. 2 l 2OO00E -03 

27.88 

O.260COOOE-O3 

28.15 

0.2860000E-03 

29.20 

0.31 OOOOOE-03 

29.52 

0.3800000E-C3 

30.01 

0 . 4300000E -02 

30.47 

0.4460000E-C3 

30.99 

0.486000:c-03 

31.58 

O.519O0GOL  03 

32.36 

0.5650000E-C3 

33.74 

0.621 OOOOE -  0 i 

34.82 

0.65600001-:} 

35.70 

0 .761 OOOOE -  0: 

37.37 

0.861 OOOOE -03 

38.65 

0.9600000E-03 

39.83 

o .  i ooooooe - or 

41.14 

0 . 1 060000E -02 

42.06 

o.i iiooooe-o: 

43.26 

0.1 170000E-02 

44.39 

0.11 60000E -  02 

44.95 

0. f 24 OOOOE -02 

45.68 

0.1340000E-02 

47.39 

O.I74000UE-O: 

48. B2 

0.200000CE-:: 

50.38 

0.21 30000 E  c; 

52.59 

0.2270000E-C-; 

54.71 

O.2280D0vt-:: 

56.21 

o.22600ocr-:: 

57.80 

0. 231 OOOOE - C? 

60.19 

0 . 2580000E -  02 

62.84 

0.3220000E -02 

65.77 

0 .39600001 -02 

66.82 

0.4290000E -02 

71.73 

0.4850000E-07 

74.12 

0.5030000E-02 

77.72 

0.51 10000E -02 

60.29 

0.4820000E-02 

RifK  ( FNG7H  VS  CYCLE  NUMBER  CURVES  MERE  ESTIMATED  THROUGH  THE 
VIST  IMG  DATA  POINTS  AMD  ADDITIONAL  POINTS  EXTRACTED  FROM  THAT  CURVE . 


DC IK  OAK* 


10.35  O.J89OOOOE-05 

10.90  0.2840000C -05 

11.25  0.6100000E-05 

11.33  0.9230000E-05 

11.53  0.9570000E05 

11.89  0. 1 01 OOOOE -04 

11.93  0.9390000E-05 

12.22  0.761 OOOOE - C  5 

12.31  0.8040000E-05 

12.43  0.629OOOOE-0S 

12.58  0.6400000E-05 

12.78  0.7060000E05 

13.10  0. 866000 OE* 05 

13.53  0.9B10000E-05 

14.04  0.1040000E-04 

14.35  0 . 1 OlOOOOE -04 

14.81  0.1 t 30000E-04 

15.22  0.1190000E-04 

16.34  0.1270000E-04 

17.23  0.1310000E-04 

17.53  0.1430000E-04 

17.87  0. I500000E-04 

17.99  0.1870000E-04 

18.26  0.2060000E-04 

18.63  0.2200000E-04 

IB. 96  0.2130000E-04 

19.32  0.1990000E-04 

19.97  0.1680000E04 

20.09  0.1670000E-04 

20.74  0.1740000E-04 

20.98  0.2060000E-04 

21.40  O.219OOOOE-04 

21.96  0.2480000E-04 

22.38  0.2550000E04 

23.21  0.2700000E-04 

24.18  0.2790000E04 

25.39  0.3050000E-04 

25.81  0.3450000E04 

27.56  0.3840000E04 

26.58  0.4300000E04 

28.97  0.4470000E-04 

31.95  0.4J50000E-04 

33.23  0.6580000E-04 


SPECIMEN  NO.  10-1 
BEIK  DADN 

7.44  0.1080000E-05 

7.46  0.9690000E-06 

7.40  0.9200000E-06 

7.56  0.1260000105 

7.71  0.1580000E-05 

7.73  0. 1520000E -05 

7.77  0. 1400000E-05 

7.78  0.1 400000E -05 

7.80  0.1300000E-05 

7.82  0. 1 480000L -05 

7.98  0.1 450000E-05 

8.14  0. 1 340000E -  05 

8.20  0.1I50000C-C5 

8.22  0.1230000E -05 

8.26  O.1O3O0O0E-O5 

8.33  0.1150000E-05 

8.53  0.2240000E-05 

8.61  0. 1590000E -05 

8.64  0 . 1790000E -05 

8.66  0. 1920000E-05 

8.93  0.2040000E-05 

9.19  0.2670000E-05 

9.23  0.2880000E-05 

9.29  O.217O00OE-05 

9.32  0.21 70000E -05 

9.36  0.2030000E -05 

9.39  0.2t 10000E-05 

9.44  0.2050000E-05 

9.46  0 . t S20000E -  )5 

9.56  0.1850000E-05 

9.72  0.2590000E-05 

9.78  O.274OOOOE-05 

9.84  0.2820000E -05 

9.92  0.31 40000E-05 

9.99  0.25400CCE-05 

10.05  0.2540000E-C5 

10.11  0.2’70000E-05 
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SPECIMEN  *0.  10-2 


SPECIMEN  NO.  10- 


SPEClNEN  NO.  11-1 


SPECIMEN  NO.  11-4 


DECK 

DADN 

19.52 

0.5000000E-05 

21  .89 

0.7600000f-05 

35.59 

0.2500000E-04 

40.57 

0 .5300000E *04 

41.50 

0.5710000C-04 

42.55 

0.6250000E-04 

43.75 

0.6960000E04 

45.14 

0. 813000 OE-04 

46.89 

0.9530000E-04 

49.12 

O.IUOOOOE-03 

50.98 

0 . 1 39O0OOE -03 

53.42 

0.1 680000E03 

56.65 

0.21 20000E-03 

61.43 

0.2870000E-03 

44.93 

0.3620000E-03 

70.08 

0.4930000E-03 

74.73 

0.8270000E-03 

SPECIHEH  NO.  10-3 

•ELK 

DADN 

18.06 

0.2426000E-05 

18.45 

0.2580000E -05 

18.80 

0.2937000E-05 

21.55 

0.4000000E-05 

25.02 

0.8000000E-05 

29.86 

0.11 80000E -04 

30.21 

0.1320000E-04 

30.60 

0.1 390000E-04 

36.20 

0.2720000E-04 

37.08 

0.3000000E-04 

38.06 

0.3240000E-04 

39.16 

0.3530000E-04 

40.42 

0.3I60000E -04 

41.88 

0.4290000E-04 

43.62 

0.4890000E-04 

45.79 

0.5770000E-04 

47.12 

0.6580000E-04 

48.78 

0.7930000E-04 

49.53 

0.9220000E-04 

50.46 

0.1 080000E-03 

51.62 

0.1220000E03 

53.03 

0.1 440000E-03 

54.79 

0.1 490000E-03 

56.93 

0.2040000E-03 

59.72 

0.2480000E-03 

43.17 

0.3270000E-03 

48.70 

0.4480000E-03 

DELK 

DADN 

3.22 

0.1250000E-03 

3.24 

0.1310000E-03 

3.29 

0.1290000E-03 

3.33 

0 . 1 300000E -03 

3.36 

0. 1 21 OOOOE - 0  3 

3.40 

0. 1 220000E -03 

3.4! 

0. 1 1 1 OOOOE - 03 

3.47 

0.1070000E-03 

3.51 

0. 1 1 40000E -03 

3.54 

0.1090000E-03 

3.56 

0-1 03000  OE - 0  3 

3.62 

0. 1090000E -f  - 

3.67 

0.11 OOOOOE-03 

3.71 

0.11 3000  OE -03 

3.76 

0. 1 2000  0  OE -03 

3.78 

0-1 320000E -03 

3.87 

0. 1 720000E -03 

3.98 

0.1 780000E-03 

4.06 

0. 1840000E-03 

4.15 

0. 1920000E-03 

4.35 

0.1690000E-03 

4.47 

0.171 OOOOE - 0  3 

4.57 

0.1650000E-03 

4.70 

0. 1 400000E -03 

4.75 

0.1 370000E -03 

4. 82 

0.1 480000E -03 

4.B9 

0.1 490000E-03 

4.95 

0.1490000E-03 

5.03 

0. 1 700000E -03 

5.16 

0.1 830000E -03 

5.25 

0.1670000E-03 

5.39 

0.1770000E-03 

5.91 

0.2640000E-03 

7.13 

0.41 70000E-03 

7.32 

0.4940000C-03 

SPECIMEN  NO.  10-6 

DELK 

DADN 

18.64 

0.3820000E-05 

19.23 

O.468OO\jOE-05 

20.01 

0.55 1 OOOOE-05 

20.83 

0.4040000E-05 

21.80 

0.4820000E-05 

22.99 

0. 7790000E-05 

24.43 

0.9360000E-05 

26.50 

0.11 70000E-04 

29.61 

0.1560000E-04 

35.48 

0. 2400000E-04 

SPECIMEN  NO.  10-7 
KE«  MDII 

1.74  0.2440000E-02 
1.84  0.3240000E-02 
1.89  0.37BOOOOE-02 
1.95  0.0370000E-02 
2.8'  0.4650000E-02 
2.07  0.5270000E-02 
2.14  0.5810000E-02 
2.22  Q.43IOOOOE -02 
2.32  0.7240000E-02 
2.44  0.6090000E-02 
2.58  0.9240000E-02 

2.75  0.11 30000E-01 
3.04  0.1310000E-01 
3.41  O.ISOOOOOE-OI 
4.01  0.1920000E-0! 


DELK 

DADN 

11.06 

0.71 80000E-05 

11.12 

0.7J80000E-05 

11.17 

0.7400000E-05 

11.28 

0.7990000C-05 

11.41 

0.8780000E-05 

11.55 

0.9820000E-05 

11.71 

0.1090000E-04 

11.90 

0.1200000E-04 

12.11 

O.I300000E-04 

12.34 

0.1400000E-04 

12.59 

0.1500000E-D4 

12.88 

0.1590000E-04 

13.19 

0.1490000E-04 

13.52 

0.1770000E-04 

13.90 

0. 1650000E -04 

14.09 

0. 1 9000  0  OE -  0  4 

14.30 

0. 1 930000E -  04 

14.52 

0.1990000E-04 

14.75 

0.2040000E-04 

20.10 

0.5110000E-04 

20.31 

0.51 90000E-04 

20.51 

0 . 52  6  OOOOE - 04 

20.73 

O.532OOOOE-04 

21.21 

0.5750000E-04 

21.67 

0.4100C JOE-04 

22.54 

0  -  72800  0  OE - 0  4 

23.27 

0 . 05 1 OOOOE -04 

24.18 

0.9B20000E -04 

25.33 

0. 1 150000E -03 

26.85 

0. 1 34000  OE - 0  3 

28.66 

0.1630000E-03 

31.32 

0. 181 OOOOE -03 

32.93 

0.191 OOOOE - 0  3 

34.81 

0 . 2050000E -03 

36.99 

0.22! OOOOE  ~C3 

39.45 

0.2460000E-03 

42.43 

0.3250000E-03 

45.45 

0.4080000E-03 

48.60 

0.5500000E -03 

49.00 

0.7000000E-03 

49.50 

o.tsoooooE-o: 

SPECJHEN  NO.  11-2 

DELK 

DADN 

4.07 

0.3330000E-06 

6.07 

0. 1 450000E -05 

6.07 

0.1560000E-05 

6.10 

0. 2140000E-05 

I.2380000E-05 

6.13 

0.2720000E-05 

4.18 

0 . 3460000E -05 

0 . 4420000E -05 

0.4690000E-05 

0.4380000E-05 

0.4630000E-05 

0.61  90000E-05 

0.6480000E -05 

0.9200000E -05 

4.31 

0.6270000E-05 

4.53 

0.5400000E-05 

4.57 

0.3240000E-05 

4.59 

0.2060000E-05 

4.73 

0.21 70000E-05 

6.85 

0.2650000E-05 

0.2580000E-0S 

6.88 

0. 2000000E -05 

0.21 40000E-05 

0.2000000E -05 

0.21 20000E-05 

0.1007000E-04 

0. 1056000E-04 

•ELK 

DADN 

15.48 

0.4583000E-05 

15.45 

0.511 OOOOE -05 

15.94 

0.5270000E-05 

16.22 

0.5690000E -05 

16.53 

0.61 4000  OE -  05 

14.90 

0. 6380000E -05 

17.43 

0.7070000E-03 

17.90 

0.7540000E-05 

18.49 

0.IO6OO0OE-O5 

19.63 

0.9240000E-05 

20.81 

0 . M OOOOOE -04 

22.66 

0.1360000E-04 

24.13 

0.161 OOOOE -04 

25.13 

0.1 770000E -04 

27.18 

0.2030000E-04 

29.08 

0.2470000E-04 

30.51 

0.2910000E-04 

31.87 

0. 3240000E -04 

33.37 

0. J99O00OC-O4 

35.57 

0. 4770000E -04 

38.56 

0.61 50000E-04 

43.16 

0. IO5O0O0E -03 

55.62 

0. 1960000E-03 

SPECIMEN  NO.  1 1 -5 


DELK 

DMDN 

25.75 

0. I080000E-04 

28.98 

0.2I20000E-04 

29.60 

0.2290000E-04 

2t.85 

0.2480000E-04 

30.13 

0.2640000E-04 

30.34 

0.2820000E-04 

30.60 

0.2930000E-04 

30.72 

0. 300000CE -04 

31.07 

0.27IODO0E-O4 

31.26 

0. 26 1  OOOOE -04 

32.27 

0. 32500001-04 

32.53 

0.3850000E-04 

32.96 

0.4170000E-04 

33.5! 

0.4540000E-04 

34.16 

0.4930000E-04 

35.01 

0.571 OOOOE -04 

35.34 

0.5740000E-04 

35.66 

0.5790000E -04 

36.07 

0.4070000E-04 

38.01 

0.7000000E-04 

40.55 

0.8440000E-04 

43.97 

0.11 40000E -03 

49.64 

0-I940000E-03 

54.82 

0.32100001-03 
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APPENDIX  B 


r-T^ 


. PR E CRACKING  CONDITIONS . . . . 

HIT.  TERR.-  70  F  lull.  LOAD*  0  US  INIT.  STRESS  RATIO*  .03 

FINAL  TEAR.*  70  F  FINAL  LOAD*  0  US  FINAL  STRESS  RATIO*  .03 

NO.  OF  INCREMENTS  0 

FINAL  SIZE  LT.  SHE*  .TOT  RT.  SIDE-  .015 


. PRECRACK  INC  CON||TIONS . 

SPEC  NO.  4-2 

INI T .  TEAR.*  1200  F  INI T.  LOAD*  1600  IRS  INIT.  STRESS  RATIO*  .5 

FINAL  TEHP.*  1200  F  FINAL  LOAD*  4000  L»S  FINAL  STRESS  RATIO*  .5 

NO.  Of  INCREHEMS  5 

FINAL  SIZE  LI.  SIDE*  .216  RT .  SIDE*  .225 


NO.  POINTS*  25 

PN1N  .053  KIPS  PHAX *  2.053  KIPS  R-  .025015* 

TENT.*  1400  F  ENVIRONMENT-AIR 
SPECIMENS!  |>  .4*65  IN.  U-  2 


NO.  POINTS*  21 

WH*  .75  NJPS  PNAX*  1.5  NIPS  R-  .5 
TEMP.-  1400  F  ENVIRONMENT-AIR 
SPEClNENtCT  I-  .502  IN.  U-  2.002 


NO. 

CYCLES 

AtHEAS.)  REMARKS 

OIS  NO. 

CYCLES 

AIRE 

1 

50 

.599 

1 

0 

.73* 

2 

100 

.600 

2 

23 

.763 

3 

200 

.601 

3 

43 

.801 

4 

400 

.404 

4 

SO 

.821 

5 

1000 

.410 

5 

55 

.83? 

4 

2000 

.621 

4 

59 

.639 

7 

3000 

.633 

7 

64 

.645 

1 

4000 

.645 

• 

71 

.664 

* 

5000 

.459 

* 

77 

.909 

10 

6000 

.473 

10 

•3 

.*47 

11 

6000 

.703 

II 

64 

.963 

12 

10000 

.734 

12 

1* 

1 .004 

13 

12000 

.76? 

13 

94 

1.047 

14 

14000 

.60* 

14 

96 

1.086 

15 

14000 

.859 

15 

104 

1.131 

14 

18000 

.919 

16 

toe 

1.173 

17 

20000 

.986 

17 

in 

1.22* 

te 

22000 

1.047 

18 

115 

1.321 

i* 

23000 

1.133 

1* 

lie 

1.364 

20 

23500 

1.182 

20 

121 

1.450 

21 

24000 

1.24* 

22 

24300 

1.302 

23 

24500 

1.359 

24 

24700 

1.424 

25 

24797 

1.475 

. . PRECRACKING  CONDITIONS. . . . 

SPEC*NO.  4-1 

INIT.  TENP.«  70  f  INIT.  LOAD*  0  US  INIT.  STRESS  RATIO*  .5 

FINAL  TEMP.-  70  F  FINAL  LOAD*  0  LIS  FINAL  STRESS  RATIO-  .5 

NO.  OF  INCREMENTS  0 

FINAL  SIZE  LT.  SIDE*  .25*  RT.  SIDE-  .244 


NO.  POINTS*  t8 

PNIN  .7  KIPS  PNAX*  1.4  KIPS  R»  ,5 
TEMP.-  MOO  F  ENVIRONMENT-AIR 
SPECIMENS!  I-  .4*4  IN.  M*  2.002 


OBS  NO.  CYCLES  AINEAS.1  REMARKS 


1  0  .617 

2  62  .854 

3  9*  .810 

4  M3  .904 

5  MO  .9B2 

6  150  1.006 

7  154  1.016 

I  1 45  1.043 

9  175  1.100 

10  162  1.131 

11  190  1.179 

12  207  1.292 

13  7M  1.J61 

14  225  1.487 

15  22*  1.554 

II  jj7  1.470  exceeds  ASTM  crack  length  requirement 
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PRECRACIIRG  CONDITIO*:. 


SPEC  NO.  4-3 

INI  T .  TEHP.-  70  F 

HIT. 

LOAD- 

>  0  LIS 

HIT. 

STRESS 

RATIO. 

.3 

FINAL  TEMP.-  70  F 
NO.  OF  INCREMENTS  0 

FINAL 

LOAD1 

•  0  LIS 

FINAL 

STRESS 

RATIO- 

.3 

FINAL  she  lt.  SIDE- 

.272 

RT. 

SIDE-  .194 

NO.  POINTS-  10 

PNIN  1.3  KIPS  PMAX- 

3 

KIPS 

R»  .5 

TEMP.*  1000  r  |NV] RONME  NT  *  A I R 
SPECIME*iCT  l«  .40*  IN .  U>  2 


•S  NO. 

CYCLES 

A1MEAS 

1 

0 

.782 

2 

30 

.782 

3 

300 

.782 

4 

1470 

.703 

3131 

.79* 

4 

4*03 

.806 

7 

4*38 

.80* 

1 

4705 

.108 

9 

4787 

.008 

10 

31*5 

.808 

11 

3407 

.808 

12 

3314 

.813 

13 

3*09 

.013 

14 

375* 

.01* 

13 

3020 

.817 

1* 

*128 

.817 

17 

*34* 

.017 

11 

*43* 

.819 

19 

*3*0 

.019 

20 

**7* 

.023 

21 

*751 

.123 

22 

0050 

.027 

23 

0285 

.827 

24 

033* 

.828 

23 

0*17 

.831 

24 

0**5 

.831 

27 

0904 

.032 

20 

9107 

.03? 

29 

9333 

.034 

30 

93*9 

.034 

3. *3  nr 

TINP.-  1000  F  ENVJRONNE NT* A 1 A 
SPECjNEMlCT  ••  .496  in  y.  ? 


OBS  NO. 


CIClES  A(AEAS.  ) 


2 

3 

4 
3 
* 
7 
« 
9 

to 

11 

12 

13 

14 

15 
U 
17 


0 

.050 

31 

.058 

46 

.061 

134 

.8*1 

1*0 

.8*1 

214 

.0*2 

3*3 

.063 

70 1 

.163 

047 

.16* 

917 

.06* 

909 

.6*0 

109* 

.1*9 

114* 

.8*9 

2417 

.873 

7345 

.078 

2*30 

.079 

2770 

.080 

NO.  POINTS-  17 

mm  1.43  NIPS  MAX-  3.3  KIPS  R-  .5 
TEH*.-  1000  F  ENVIRONMENT** IR 
SPECIMENS  B-  .404  m.  u-  2 


OIS  NO.  CYCLES  A<«AS.>  REMARKS 


1 

0 

.034 

2 

0 

.035 

3 

*3 

.936 

4 

133 

.837 

3 

192 

.037 

* 

220 

.03? 

7 

233 

.037 

• 

•94 

.840 

f 

1000 

.842 

10 

1130 

.842 

It 

10** 

.849 

12 

1937 

.151 

13 

2131 

.033 

14 

2403 

.833 

13 

27*0 

.833 

U 

2073 

.837 

17 

2910 

.837 

*•  .5 


REMARKS 
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mo.  points*  12 

PM IH  I  .ft?  NIPS  MM*  3.993  KIPS  8*  .3001212 

TEAP.*  1000  F  ENVlfcONHENT-AlR 
SPEClAENjCT  I-  .496  IN.  8*  2 


OBS  NO.  CYCLES  ALMCAS. >  REMARKS 


1  0  .160 

2  4  .880 

3  40  .181 

4  214  .80? 

3  292  .883 

4  403  .804 

7  442  .88? 

I  700  .086 

9  l?4  .889 

10  97?  .190 

11  1103  .893 

12  1227  .893 


NO.  PQINT5*  18 

PAIN  2.197  NIPS  PNAI»  4.39?  K1P5  *■  .3002??? 

7INP .■  1000  f  UVlkONNENI’AlR 
SPEC IN(K;C1  »■  .496  IN.  V>  2 


OSS  NO.  CYCLES  41NE4S.!  REMARKS 


1  0  .893 

2  4  .043 

3  00  .#96 

4  232  .196 

3  432  .846 

4  45?  .902 

7  733  .90« 

8  #31  .90< 

9  077  .903 

10  943  .90* 

11  1355  .909 

1?  1422  .910 

13  1440  .41 1 

14  1478  .911 

13  1322  .91? 

16  t362  .914 

17  1493  .916 

10  1#0?  .920 


NO.  POINTS*  19 

PMIN  2.197  NIPS  PNAX*  4.392  KIPS  R«  .300227?  ho.  p01-TS.  32 

PAIN  2.41?  NIPS  PMAX*  4.03'  K»PS  9-  .5003103 

TlAP . •  1000  F  ENVIRONMENT «AIR 

SPECINEN:CT  ••  .496  IN.  8*  2  TE«P.»  1 000  f  k  AV 1  KONAtNT*AlR 

SPEC  1  ME M : C T  |.  49©  IN.  U«  2 


OPS  NO.  CYCLES  AfNEAS.)  NENARKS 


OPS  NO.  CYCLE i  AiNtAS.)  REMARKS 


1 

0 

.939 

2 

23 

.963 

1 

0 

1  .001 

J 

J  f  4 

.963 

2 

U 

1.004 

4 

354 

.943 

3 

47 

1  .00* 

3 

390 

.943 

4 

130 

1.00? 

4 

438 

.944 

3 

186 

1.008 

7 

494 

.969 

6 

241 

1.009 

• 

334 

.972 

7 

412 

1.013 

9 

420 

.t?3 

8 

507 

1.01? 

10 

702 

.975 

9 

787 

1.029 

11 

049 

.977 

10 

1238 

1.05? 

12 

931 

.981 

II 

1291 

1.043 

13 

1248 

.984 

12 

1329 

1.06? 

14 

1441 

.990 

13 

1313 

1.060 

15 

1309 

.993 

14 

1431 

1.070 

14 

1607 

.993 

15 

1463 

i.o?: 

17 

1778 

.994 

16 

1311 

1.073 

10 

1830 

.998 

17 

1434 

1  .076 

19 

1831 

1.001 

IB 

2194 

1.113 

19 

2230 

1.114 

20 

2304 

1 .124 

21 

2337 

1.131 

22 

2372 

1.138 

23 

2401 

1.139 

24 

2440 

1.143 

25 

2383 

1.14? 

26 

2731 

1.179 

27 

2819 

1.191 

2# 

2864 

1.197 

29 

2928 

1.211 

30 

2991 

1.223 

31 

3012 

1  .240 

32 

3032 

1.230 

lit) 


.  .  PRECRACKIMG  CONDITIONS 

SPEC  NO.  4-7 

mil .  TEMF.*  4  000  f  mil.  LOAD-  3400  LBS  mu.  STRESS  RATIO-  .1 

flNAl  T£NF.«  1000  f  riNAi  LOAD-  lfi!5  L>S  rjNAL  STRESS  RATIO*  .) 

NO.  OF  INCREMENTS  7 

FINAL  SUE  IT.  SIDE*  .3219  RT .  SIDE*  .2213 


. PIECRACFlNC,  CONDITIONS 

SPEC  NO.  4-6  . 

,,1T-  U"f-*  70  F  HJ1.  LOAJ.  0  LOS  i#IT.  S)«SS  RAMP, 

FjNAt  T£N1.»  70  F  FINAL  lOAJi*  0  LIS  FINAL  ITtESS  RATIO* 

HC.  OF  1NCRENEN1S  0 

FINAL  SIZE  IT.  SIDE-  .244  AT.  SIDE'  .215 


NO.  POINTS*  14 

PH IN  .182  KIPS  PNAX«  1.815  KIPS  R“  .1002’55  TEST  f  REG . *  .25  H2 

T|NF.*  1000  F  ENVIRONMENT**!* 

SPEC  I  HE  M  t  Cl  I*  .5293  IN.  U*  2.013 


DBS  NO.  CYCLES  ALMEAS.)  REMARKS 


1  0  ,95f 

2  31  .952 

3  105  .953 

4  225  .955 

5  398  .955 

4  499  .954 

7  511  .957 

8  562  .956 

9  455  .954 

10  933  .95c 

11  1204  .941 

12  1372  .941 

13  1414  .962 

14  1451  . 966 


NO.  POINTS.  31 

PH IN  .182  KIPS  PHAX-  1.015  KIPS  R*  .1002755  TEST  FREQ.*  .25  HZ 
TEMF.«  1000  F  ENV1K0NNENT.au 
SPEUNENtCT  |.  .5293  IN.  N«  2.013 


OIS  NO.  CYCLES  AiNEAS.)  REMARKS 


1  0  1.381 

2  47  1.386 

3  101  1.392 

4  134  1.J92 

5  274  T.39' 

A  318  1.402 

7  353  1.400 

9  409  1.411 

9  474  1.441 

10  497  1.451 

IT  744  1.459 

12  792  1.444 

13  121  1.474 

14  852  1.481 

15  959  1.510 

14  9’4  1.516 

17  911  1.519 

11  987  1.523 

19  993  1.521 

20  999  I.531 

21  1005  1.534 

22  10>7  1.541 

23  1072  1.544 

24  1046  1.551 

75  ««40  1.384 

~?r  iJJl  lTT'2 

27  1076  1.578  e*c*edR  ASTM  cri.l*  length  requirement 

21  10*4  1.590 

29  1017  1.5«' 

30  1090  1.403 

H  1094  1  .4U 


NO.  POINTS*  93 

PHIN  4.142  KIPS  PNAI*  4.40;  KIPS  R*  .9000435  TEST  FALL 
.25  NZ 

TEMP.*  100  F  ENVIRONHENT-AI 
SPECINENjCT  |»  .493  IN.  U*  2.001 


OIS  NO.  CYCLES  A<MEaS.'  REMARKS 


VARIOUS  I  DAM  THANK F < 

1  193903  1.038  *PHAX*  4.556  KIPS  PHIN*  5.062  KIPS 

2  195053  1.038 

3  195903  1.040 

4  194953  1.042 

5  191253  1 .043 

4  200177  1 .044 


7 

206189 

1.05' 

1 

214103 

1 .063 

9 

2)5453 

1.066 

10 

217043 

1.06' 

11 

21/853 

1.048 

12 

216903 

1.070 

13 

220233 

1.072 

14 

221141 

1.013 

15 

236203 

1.096 

16 

239553 

1.100 

17 

241053 

1.102 

18 

244241 

1.105 

19 

249433 

1.109 

20 

2SI903 

1.121 

21 

240941 

1.125 

22 

242343 

1.131 

23 

243703 

1.137 

24 

272245 

1.145 

25 

279551 

1.145 

24 

200553 

1.147 

27 

211453 

1.149 

28 

212333 

1.170 

29 

263471 

1.174 

30 

284353 

1.175 

31 

285393 

1.171 

32 

206403 

1.178 

33 

291024 

1.187 

34 

294489 

1.189 

35 

295933 

1  .197 

36 

297103 

1.200 

37 

298113 

1.203 

36 

299613 

1.20? 

39 

300953 

1.210 

40 

302103 

1.212 

41 

303270 

1.216 

42 

3048 ’fi 

1  . 770 

43 

iii 


PRECRACKING  CONDITIONS 


SPEC  NO.  5-1 

INIT .  TEMP.-  1000  F  INIT. 
FINAL  TEMP. »  1000  f  FINAL 
NO.  OF  INCREMENTS  11 
FINAL  SIZE  LT.  SIDE-  .1*9 


LOAD- 

LOAD- 


6000  LBS 
5790  LIS 


INIT. 

FINAL 


STRESS  RATIO- 
STRESS  RATIO* 


.9 

.9 


RT.  SIDE*  .241 


NO.  POINTS-  30 
PN1N  7.079  KIPS 


7.965  KIPS  R-  .8807633 


TEMP.*  1000  F  ENVIRONMENT-AIR 
SPECIMENjCT  8-  .490  IN.  U-  2.005 


IS  NO. 

CYCLES 

A(HEAS 

1 

0 

.816 

2 

SI 

.816 

3 

718 

.814 

4 

925 

.819 

5 

1007 

.822 

6 

1239 

.82? 

7 

1425 

.821 

8 

1910 

.623 

9 

2729 

.026 

10 

2838 

.826 

11 

2918 

.826 

12 

3036 

.828 

13 

3126 

.828 

14 

3228 

.  826 

15 

3340 

.836 

16 

3701 

.840 

17 

4391 

.843 

18 

4510 

.843 

19 

4741 

.84" 

20 

4861 

.850 

21 

5027 

.856 

22 

5170 

.860 

23 

5436 

.863 

24 

5565 

.866 

25 

6183 

.865 

26 

6853 

.866 

27 

7000 

.866 

28 

7191 

.866 

29 

7550 

.868 

30 

7924 

.867 

REMARKS 
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PHlN  7. 

15  KIPS 

PMAX *  7.844  KIPS 

TEMP.- 

1000  F 

ENVIRONMENT -AIR 

SPECIMENjCT  1- 

.496  IN.  U-  2. DOS 

OPS  NO 

.  CYCLES  A1MEAS.  1 

1 

0 

.874 

2 

115 

.B74 

3 

266 

.8  "5 

4 

354 

.B"' 

5 

416 

6 

574 

.88: 

7 

693 

.884 

8 

2484 

.093 

9 

3401 

.902 

10 

3504 

.904 

11 

358B 

.905 

12 

3713 

.905 

13 

3824 

.905 

14 

3899 

.905 

15 

4376 

.904 

16 

4776 

.906 

NO.  POINTS*  16 

PNIN  7.1 

15  KIPS 

PMAX*  7.944  KIPS 

TEMP.-  1 

1000  F 

ENVIRONMENUAIR 

SPECIMENjCT  8- 

.498  IN.  U*  2.005 

OBS  NO. 

CYCLES  A( ME  AS . > 

1 

0 

1.010 

2 

147 

1.011 

3 

239 

1.01  1 

4 

1430 

1.020 

5 

1605 

1.020 

6 

3090 

1.025 

7 

4358 

1.038 

8 

4569 

1.038 

9 

4777 

1.038 

10 

4961 

1.039 

11 

5?"9 

1.040 

12 

5610 

1.042 

13 

5990 

1.047 

14 

6134 

1.04' 

15 

6384 

1.049 

16 

6680 

1.052 

. 9115247 


REMARKS 


.9000503 


REMARKS 


precracking  Conditions 


.PRECRACKING  CONDITIONS. 


SPEC  NO.  5-2 

1NIT.  TENP.-  1345  F  IN1T.  LOAD-  5000  LBS  INIT.  STRESS  RATIO* 

FINAL  TENP.-  13?*  f  FINAL  LOAD-  2500  LRS  FINAL  STRESS  RATIO- 

NO.  OF  1NCREHENTS  If 

FINAL  SUE  LT.  SUE-  .26*3  RT.  SIDE-  222* 


SPEC  NO.  5-3 

.5  1RIT.  TENF.«  ?0  F  INIT.  LOAD-  0  LBS  INIT. 

.*  FINAL  TENP.-  70  F  FINAL  LOAD-  0  LIS  FINAL 

NO.  OF  INCRENENTS  0 

FINAL  SIZE  LT.  SIDE-  .245  RT.  SIDE-  .201 


NO.  POINTS*  34  NO.  POINTS-  43 


PNIN  1.71  KIPS 

PNAX*  1.9  KIPS  R  =  .* 

PMJN  1 

.5  KIPS 

PNAX*  J.OO?  KIPS  R-  .49*6334 

TENP.-  1400 

F 

ENVIR0NNENT-A1R 

TENP.- 

1000  F 

ENV1RDNNENT-AIR 

SPECINENsCT 

1* 

.4*9  IN.  «-  2.009 

SPECINENsCT  1- 

.5  IN.  U-  2.001 

OIS  NO. 

CYCLES  AIDE AS. )  RENARKS 

OIS  NO 

CYCLES  AiHEAS.)  REHARKS 

1 

0 

.192 

VARIOUS  LOAD  CHANGES 

2 

12 

.1*4 

1 

0 

.85? 

3 

25 

.906 

2 

3*4 

.860 

4 

5? 

.920 

3 

13*5 

.870 

5 

82 

.936 

4 

2135 

.873 

6 

10* 

.960 

5 

2170 

.876  *PNAX-  3.301  KIPS  PhlN* 

7 

132 

.973 

6 

2327 

.•78 

B 

148 

.  9B4 

7 

2715 

.883 

* 

163 

1.001 

8 

3825 

.8*6 

10 

163 

1.015 

* 

4269 

.901 

11 

196 

1.020 

10 

4337 

.902  •PNAX-  3.402  KIPS  PNIN- 

12 

231 

1.06** 

11 

4410 

.903 

13 

250 

1.081 

12 

4515 

.906 

14 

26* 

1.105 

13 

4623 

.908 

15 

26* 

1.105 

14 

4*45 

.914 

16 

2*3 

1.136 

15 

3111 

.918 

1? 

303 

1.156 

16 

5160 

.920 

16 

316 

1.177 

1? 

52** 

.922 

1* 

336 

1.204 

18 

6037 

.933  •PNAX-  3.924  KIPS  PHJN* 

20 

360 

1.248 

t* 

6**5 

.95? 

21 

374 

1 .261 

20 

7085 

.960 

22 

3*6 

1.304 

21 

71*7 

.963 

23 

411 

1.33* 

22 

7307 

.946 

24 

426 

1.372 

23 

7453 

.970 

23 

434 

1.403 

24 

•065 

.981 

26 

447 

1 .430 

25 

8320 

.989  •PNAX-  4.358  KIPS  PH1N* 

27 

460 

1.46* 

26 

*107 

1.02? 

26 

472 

1.310 

2? 

*304 

1.036 

2* 

466 

1.535 

26 

*433 

1.042 

30 

4*4 

1 .560 

2* 

9515 

1.04? 

31 

302 

1.588 

30 

9399 

1.052 

32 

312 

1.614 

31 

9730 

.  -1,03* 

33 

321 

1.647 

3? 

9138 

1.065 

34 

526 

1.655 

33 

10426 

1.101 

34 

10576 

1.115 

33 

10677 

1.125 

36 

10842 

<.142 

37 

10934 

1.153 

31 

11441 

1.827 

3* 

11533 

1.150 

40 

11512 

T.270 

41 

11624 

1.214 

42 

11663 

1.304 

43 

11700 

1.334 

STRESS  RATIO1 
STRESS  RATIO' 


1.650  KIPS 


1.015  KIPS 


1.**7  KIPS 


2.1*4  KIPS 
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PRECRACKING  CONDITIONS. 


S't:  no.  5-3 

INIT.  7fAF.«  70  r  INIT.  LOAD*  0  LBS  JRJT.  STRESS  RATIO- 

FINAL  TEMP.*  70  F  FINAL  LOAD*  0  LIS  FINAL  STRESS  RATIO* 

NC.  OF  INCREMENTS  0 

FINAL  SIZE  LT.  SIDE*  .101  RT.  SIDE*  .015 


NC.  POINTS'  25 

F’fllN  .o;  KIPS  PHAX*  .77  KIPS  R»  .075974 
UHF.»  1400  F  ENVIRONNENT-AIR 
SFECINEN:CT  .249  IN.  U*  2 


NO. 

CYCLES 

AtHEAS 

1 

100 

.772 

2 

1000 

.773 

3 

1300 

.773 

4 

1*00 

.774 

5 

1850 

.775 

6 

2000 

.774 

? 

2 500 

.778 

e 

3000 

.782 

9 

4000 

.792 

10 

5000 

.804 

11 

4000 

.822 

12 

8000 

.858 

13 

10000 

.198 

14 

12000 

.938 

.  f 

■  *> 

14000 

.982 

16 

UOOO 

1.026 

17 

18000 

1.074 

18 

20000 

1.130 

19 

22000 

1.199 

20 

23000 

1.252 

21 

24000 

1.390 

22 

24100 

1.438 

23 

24200 

1.474 

24 

24300 

1.492 

25 

24422 

1.562 
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PIECRACUiG  CONDITIONS 

SPEC  NO 

.  ?-4 

HIT. 

TENP..  70  f  IN] T . 

LOAM  « 

LIS 

Hit. 

STRESS 

RATIO- 

FINAL 

ItNP . •  70  F  FINAL 

LOAD*  0 

LBS 

final 

STRESS 

RATIO- 

Nt.  OF 

INCftCMNTS  0 

FINAL 

S12E  IT.  SHE ■  .24 

IT.  SUE* 

.245 

PRE CRACKING 

CONDITIONS 

SPEC  NO 
HIT. 

.  e- 1 

TENF  .«  ?c  f  HIT. 

LOAD* 

0  LBS 

HIT  . 

STRESS 

ratio 

final 

TENF  .i  70  F  FINAL 

LOAD* 

0  IBS 

FINAL 

STRESS 

RATIO; 

NO.  OF 
f  Inal 

INCREMENTS  0 

SIZE  LT.  SIDE 1 

RT. 

SIDE'  .23 

NO.  POINTS*  14 

PM1>  .US  KIPS  PN4I»  » -•»  5  UPS  *•  .0909091  ^  f0Jw7S,  ,, 

nup.*  1400  f  £NVIR0NNENT*4IR  P*]N  .145  KJFS  PNA»'  1.815  KjfS 


SPEC 1N{N: C  T 

I-  .491  IN.  N-  2 

TENF.*  1 000  f  INV 

I RONNENT  < 

SPECIMEN: 

:  C  T  1  .503  H.  U 

G*S  NO. 

CYCLES 

A  HE  AS.  > 

RE  NARKS 

nns  NO. 

CTClES 

4HE6S 

I 

0 

.933 

2 

JO 

.974 

1 

0 

.  >95 

3 

3« 

.998 

2 

233 

.795 

4 

40 

1.046 

3 

4292 

.601 

5 

45 

4 .092 

4 

58T7 

.803 

4 

50 

1.146 

5 

11007 

.806 

; 

55 

1,214 

4 

13327 

.806 

e 

40 

1  .  ?K  6 

7 

17710 

.81 1 

9 

65 

1.  JH 

e 

31161 

.821 

to 

4’ 

1  .4.4 

9 

33173 

.826 

n 

’0 

1 .4V0 

10 

3791  3 

.83’ 

— 1*  — 

— ’w 

^1.545 

1 1 

40040 

.842 

i « 

exceeds 

ASTV  crack  length  requj t ert-nt 

12 

44615 

.853 

13 

47214 

.859 

14 

51346 

.871 

15 

53522 

.8’* 

16 

58080 

.19? 

17 

60595 

.901 

IB 

64705 

.915 

19 

46840 

.926 

20 

77444 

.949 

21 

7025? 

.979 

22 

10690 

.995 

23 

84950 

1.073 

24 

87430 

1.043 

25 

91610 

1.0^8 

24 

9I40B 

1.150 

27 

101026 

1.195 

R«  .0904091 


REMARKS 
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MtCMCKWG  CONDITIONS 


PRCCRACtlHG  COMHUOtS 


5PEC  »0.  1-3 

j*n.  iinf.*  \2oo  f  inn.  load*  3«oo  tts  rm.  mess  ratio*  .i 

final  UNF."  1200  F  FINAL  LOAD*  1f00  LIS  FINAL  STIESS  RATIO*  .1 

NO.  OF  INCREMENTS  TO 

FINAL  SHE  ll.  SIDE*  .224  IT.  S1IE*  .»72 


SPEC  NO.  1-4 

lull.  TENF.%  1000  F  INJT.  LOAD*  3400  IIS  INIT .  STRESS  RATIO* 

final  TEMP.*  1000  F  FINAL  LOAD*  1|15  LIS  FINAL  STRESS  RATIO* 

NO.  OF  INCREMENTS  I 

FINAL  SIZE  LT.  SIDE*  .3242  NT.  SHE*  .233 


NO.  POINTS*  36 

RttlN  .182  AlfS  PNAX *  I.H5  RIFS  R*  .1002755 
TENf .«  (200  t  ENVIRONMENT-AIR 
SFCClNENiCT  I*  .4*98  IN.  V*  2.004 


NO.  FOINTS*  54 

PhlM  .112  KIPS  PftAX*  1.115  KIFS  R*  .1002755 
TEMP.*  1000  F  ENVIRONMENT-AIR 
SPECIMEN: CT  •>  .495  IN.  U*  2.001 


OIS  NO. 

CYCLES 

AIMER 

T 

0 

.937 

2 

20 

.937 

3 

101 

.945 

4 

It? 

.*62 

5 

239 

.965 

4 

243 

.♦64 

7 

30F 

.976 

9 

346 

.♦0J 

9 

36a 

.985 

10 

416  1 

l  .007 

11 

593  1 

1.00? 

12 

441  1 

1 .008 

U 

716  1 

1.012 

14 

130  1 

1 .012 

13 

8 72  1 

1.030 

16 

920 

1.045 

17 

937 

1.057 

IB 

1060  1 

1.104 

IF 

1114  1 

1.135 

20 

1124  1 

1.142 

21 

1144 

1.154 

22 

1707 

1.213 

23 

1212 

1.214 

24 

1212 

1.222 

25 

1236  i 

1.250 

26 

1271 

1.214 

27 

1279 

1.301 

26 

'  294 

1.309 

Zf 

1302 

1.34? 

30 

1309 

1 .383 

31 

1320 

1.422 

32 

1326 

1.453 

33 

1331 

1.498 

34 

1335 

1.547 

-fc 

1340 

~  lT4!  — 

1.544 

*~3  r 

REMARKS 


exceed*  A5TM  creek  length  requirement 


OIS  NO.  CYCLES  A (ME AS. )  REMARKS 


1 

0 

.175 

2 

1871 

.101 

3 

2191 

.612 

4 

3742 

.106 

5 

4155 

.196 

6 

7519 

.902 

7 

1703 

.903 

1 

9141 

.911 

9 

10481 

.91 J 

10 

13050 

.921 

I! 

MMS 

.935 

12 

14413 

.935 

13 

14415 

.944 

14 

23392 

.914 

15 

29941 

1.024 

14 

33433 

1.055 

17 

3391 

1.040 

II 

34731 

1.045 

19 

35234 

1.072 

20 

35441 

1.074 

21 

34315 

1.078 

22 

39133 

1.104 

23 

39549 

1.112 

24 

4024B 

1.119 

25 

41000 

1.121 

24 

41715 

1.138 

27 

43011 

1.154 

21 

45510 

1.191 

29 

44307 

1.204 

30 

44105 

1 .214 

31 

47411 

1.228 

32 

47848 

1.733 

33 

48530 

1.253 

34 

49010 

1.2  4-* 

35 

49470 

1.275 

34 

49716 

1.290 

37 

50242 

1.305 

31 

50545 

1.317 

39 

51140 

1.350 

40 

51110 

1.340 

41 

51347 

1.344 

42 

91515 

1.374 

41 

51449 

1.310 

44 

51815 

1.403 

45 

51974 

1.423 

44 

57052 

1.IJ9 

47 

52090 

1.443 

41 

57173 

1.443 

49 

52230 

1.471 

50 

52291 

1.498 

51 

S23U 

1.499 

52 

52331 

1.314 

53 

52343 

1.532 

54 

52377 

1.531 

52412 

d’UJ 

1.371 

exceed*  ASTK  creek  length  requirement 
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. nECMCKlW  C0N1ITI0MS  . 

Inc  ho.  "•-? 

HIT.  HUP.*  70  f  1HIT.  LOAD-  0  IIS  HIT.  STRESS  RATIO*  .5 

FINAL  TENP.*  70  F  FINAL  LOAD*  0  LIS  FINAL  STRESS  RATIO*  .5 

HI.  OF  INCREMENTS  0 

FINAL  SI2E  IT.  SHE*  .24P  NT.  SIDE-  .134 


HO.  POINTS*  19 

PHlN  2.015  KIPS  PHAX-  4.244  KIPS 

TEMP.*  fOOO  F  ENVIRONMENT-AIR 
SPEC  I HEH i C T  I*  .4945  IN.  U*  2 


HO.  POINTS*  II 

PHlN  t .316  KIPS  PHAM-  2.436  KIPS  R>  .5 
TENP.«  1000  F  ENVHONN£NT*AIR 
SPEC  HEN  i  CT  |*  ..4945  IN.  V*  2 


01$  NO.  CYCLES  A( NEAS. )  RE NARKS 


1  0  .776 

2  7  .77® 

J  31  .774 

4  3S5  . 784 

5  425  .786 

4  649  .786 

7  730  .789 

•  916  .789 

4  670  .790 

10  971  .790 

11  1246  .791 


HO.  POINTS-  13 

PHIH  1.753  KIPS  PHAX-  3.507  KIPS  t-  .4491574 

TENP.-  1000  F  ENVIRONNENT-AIR 
SPECHINiCT  I-  .4445  IN.  8-  2 


OOS  NO.  CYCLES  RHEAS.  >  RENARKS 


1  0  .117 

2  40  .117 

3  335  .623 

4  420  .123 

5  416  .123 

4  536  .623 

7  673  .830 

|  744  .630 

9  1434  .847 

10  U24  .833 

11  1614  .834 

12  1728  .836 

13  1784  .856 


08S  NO. 

CYCLES 

A ( HE  A  S  .  > 

1 

0 

.906 

2 

4 

.906 

3 

51 

.909 

4 

102 

.911 

5 

365 

.918 

6 

478 

.924 

7 

403 

.921 

6 

672 

.929 

9 

756 

.934 

10 

812 

.937 

11 

1159 

.939 

12 

13M 

.943 

13 

1367 

.932 

14 

1463 

.956 

15 

1506 

.957 

16 

1594 

.962 

17 

1742 

.947 

16 

1817 

.970 

19 

2046 

.974 

NO.  POINTS- 

16 

PHlN  2.294 

KIPS 

PHAX-  4.448 

TENP.-  1000 

F  ENVIRONNENT-AIR 

SPECHENtCT 

1- 

4945  IN.  8- 

OIS  NO. 

CYCLES 

AfHEAS 

1 

0 

.993 

2 

21 

.996 

3 

74 

.997 

4 

120 

.998 

5 

138 

.997 

4 

533 

.014 

7 

598 

1.026 

1 

474 

1.031 

9 

744 

1.035 

10 

833 

1.041 

II 

1046 

1.059 

12 

1131 

1.065 

13 

1274 

1.077 

14 

1340 

.013 

15 

1446 

1.098 

MO.  POINTS-  20 

PHlN  1.895  KIPS  PHAX-  3.858  KIPS  R-  .4911971 

TCNP.*  HOO  F  ENVIRONNENT-AIR 
SPEC  HEN  tCT  I-  .4945  IN.  M-  2 


0»t  NO.  CYCLES  A(HEAS.)  RINARKS 


1  0  .640 

2  46  .840 

3  78  .840 

4  137  .841 

3  117  .662 

4  327  .8*4 

7  323  .870 

|  349  .872 

9  413  .873 

10  410  .875 

11  7||  .875 

12  972  .861 

1)  1204  .863 

14  1325  .681 

15  1340  .190 

14  1372  .891 

17  1444  .893 

18  1312  .893 

19  2149  .898 

20  2287  .902 


R*  .4917810 


RENARKS 


R«  .491431 


REMARKS 
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PRECRACAHG  CONDITIO*? 


HttlKAUlNb 

C VMM 11  IONS 

SPEC  NO 

.  9-1 

HIT. 

TEMP.*  7 0  f  IN 1 1 . 

LOAD- 

0  LBS 

iNir. 

STRESS 

RATION 

FINAL 

TEMP.*  ?0  F  FINAL 

LOAD* 

0  LIS 

FINAL 

STRESS 

RATIO' 

NO.  OF 

INCREMENTS  0 

FINAL 

SHI  U.  SIDE*  .257 

NT. 

SUE*  .133 

SPEC  NO.  9-3 

mn.  un*.«  ?o  r  lx:’,  loap:  c  lbs  hit.  stress  .1 

final  URF.«  70  F  FINAL  LOAD*  0  LBS  FJNAl  STRESS  A  *  T 1 U  * 

NO.  OF  INCREMENTS  0 

final  size  li.  side*  rt.  side*  .245 


MO.  POINTS-  72 

WIN  .1*5  NIPS  WAX.  1.015  KIPS  R-  .090*091 
TEMP . •  1200  F  ENVIRONMENT • A IR 

sPicmnitcT  »•  .4495  in.  u-  2 


o»s  no.  cycles  nincas.)  remarks 


NO.  POINTS*  32 

PMIN  .1*5  UPS  PKAX*  1.815  KH5  R*  .09040*1 
TEMP.*  1400  F  ENVIRONMENT  *  A  JR 

SPECHENsCT  B  =  .4985  IN.  N*  2 


OSS  NO.  CYCLES  AtMEAS.)  REMARKS 


o 

.745 

it 

rival  id 

precrack 

1 

0 

.023 

2 

3 

A 

443 

5*1 

.743 

.758 

.7*2 

2 

3 

4 

1005 

1340 

20*4 

.827 

.830 

.13* 

3 

703 

.7*3 

5 

2401 

.855 

* 

7*9 

.74P 

6 

31  Ja 

.  1*6 

7 

*39 

.  7*9 

7 

3?o* 

.80' 

« 

9 

to 

T 1 

1? 

13*3 

1 381 

22  72 

240* 

2*00 

.784 

.788 

.107 

.811 

.817 

8 

9 

to 

1 1 

1? 

4225 

49a: 

5*30 

5"9C 

*124 

.899 

.92? 

.937 

.94® 

.95* 

13 
!« 

15 

14 

17 

3274 

3*44 

412* 

4209 

4341 

.850 

.8?? 

,90? 

.fit 

.931 

13 

14 

13 

H 

r* 

18 

*4a  " 

*930 

72 ’f 
7?o: 
8250 

8*47 

.  9*6 
.982 
.99'* 
1.01* 
1.043 
1.082 

11 

•  453 

.*4J 

19 

9190 

1.092 

19 

3041 

1.020 

20 

9562 

1.10* 

20 

529’ 

1.0*9 

21 

993“ 

1 .121 

21 

3401 

1.094 

22 

1  0390 

1.142 

22 

39*7 

1.114 

23 

10853 

1.173 

24 

1 1 3*3 

1.212 

25 

IT  "21 

t  .233 

26 

12000 

1.293 

*>T 

1 22  c  C 

1.333 

PRECRACXING  1 

CQnDIUONS. 

28 

1240  0 

1.38P 

SPEC  NO 

.  9-4 

29 

T25C-; 

1,423 

HIT. 

TEMP.* 

70  F 

HIT. 

LOAD* 

0  IDS 

HIT. 

STRESS 

RATIO*  .1 

30 

i2* 

1.40? 

FINAL 

TEMP.* 

70  f 

FINAL 

LOAD* 

0  L»5 

FINAL 

STRESS 

RAJ  JO*  .1 

31 

12'0t 

1 .523 

l  Oi. 

NO.  OF 

1NCREMEN 

IS  < 

1 

32 

1  ?  2  3 

1 .59* 

FINAL 

SUE  It 

.  SIDE: 

•  .229 

R1. 

SIDE*  .214 

I 


m.  001H1S-  33 

PtilH  .145  HfS  W MX.  1.015  *I7S  *•  . 6»0»05>t 

UHF..  1700  F 

SnClMKiCI  I-  .4”  IK-  »•  2 


OIS  HO.  CtCltS  »<«4S.I  HM«KS 


I  0  .771 

3  411  .770 

J  1000  .701 

4  1415  .705 

5  JIVI  .705 

4  3450  .705 

7  35*3  .717 

•  41*0  .787 

»  4435  .701 

II  >510  .703 

II  4140  .704 

13  41000  .*44 

1)  4*375  .*11 

14  4*000  1.0*5 

15  50310  1-010 

14  513*0  1.03* 

17  5727*  1.043 

10  33754  1.0*1 

1*  55403  1 .005 

30  5*530  1.103 

31  37400  1.123 

22  30514  1-14* 

33  3*314  1.172 
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. PRECRACXING  COMOI T IOMS . . 

spec  NO.  9-a 

HIT.  TENP . *  70  F  HIT .  LOAD-  0  LIS  HIT.  STRESS  RAT  10*  .5 

FHAl  TENP.*  70  F  FINAL  LOAD*  0  LIS  FINAL  STRESS  RATIO*  .5 

NO.  OF  INCREMENTS  0 

FINAL  SIZE  LT.  SIDE*  .125  RT.  SHE*  .275 


. . PRECRACKING  CONDITIONS 

SPEC  NO.  9-7 

HIT.  TEAP.*  1100  F  HIT.  LOAD*  4000  LiS  HIT. 
FINAL  TENP.*  1100  F  FINAL  LOAD*  1815  LIS  FINAL 
NO.  OF  HCRINENTS  14 

FINAL  SIZE  LT.  SIDE*  .231  RT.  SIDE-  . 242 


STRESS  RATIO- 
STRESS  R*T.O* 


NO.  POINTS*  49 

PHH  .952  KIPS  PHAX*  1.9  KIPS  R«  .5010524 
TEMP.*  1400  F  ENVIRONMENT  *  A 1 R 
SPECHEN:CT  •*  .5  IN.  U*  1.993 


OBS  NO.  CYCLES  AHE4S.1  RENARKS 


1 

0 

.80? 

2 

874 

.610 

NO.  POINTS* 

46 

3 

7525 

.12) 

PNH  .22  KIPS  PNAX*  2.197  KIPS 

R*  .1001344 

4 

9347 

.828 

THP."  1200 

F  ENVIRONNENT-AIR 

5 

10890 

.852 

SPECHEN:CT 

»•  .499 

H.  y*  1.997 

4 

11519 

.892 

7 

11405 

.909 

8 

11734 

.919 

OIS  NO. 

CYCLES 

AHEAS.) 

RENARKS 

9 

11934 

.932 

10 

11958 

.945 

It 

1 2118 

.956 

1 

0 

.863 

12 

12188 

.945 

2 

247 

.928 

13 

12299 

.971 

3 

306 

.936 

14 

12449 

.973 

4 

349 

.953 

15 

12410 

.968 

5 

399 

.958 

14 

12804 

1.000 

A 

432 

.945 

17 

12999 

1.026 

7 

441 

.971 

18 

13233 

1.045 

1 

540 

.982 

19 

13345 

1.059 

9 

474  1 

.019 

20 

13539 

1.078 

10 

498  I 

.024 

21 

13471 

1.097 

11 

772  1 

.045 

22 

13993 

1.110 

12 

797  1 

.052 

23 

H210 

1.170 

13 

822  1 

.041 

24 

14279 

1.172 

14 

843  1 

.049 

25 

14338 

1.174 

15 

844  1 

.084 

26 

14382 

1.186 

14 

887  1 

.095 

27 

14415 

1.194 

17 

9t2  t 

.105 

28 

14453 

1.204 

18 

954  1 

.131 

29 

14494 

1.213 

19 

980  1 

.ISO 

30 

14538 

1.222 

20 

1002  1 

.142 

31 

14428 

1.235 

21 

1032  1 

.114 

32 

14449 

1.245 

22 

1052  1 

.198 

33 

14745 

1.253 

23 

1047  1 

.224 

34 

14784 

1.242 

74 

1082  1 

.233 

35 

14824 

1.270 

25 

109'  1 

.242 

36 

14849 

1.281 

24 

1105  1 

.259 

37 

14901 

1.292 

27 

1114  1 

.270 

38 

14945 

1.307 

28 

1119  1 

.27? 

39 

15029 

1.323 

29 

1124  1 

.284 

40 

15101 

1.341 

10 

1138  1 

.297 

41 

15124 

1.356 

It 

1141  t 

.111 

42 

15193 

1.372 

12 

1151  1 

.328 

43 

15228 

1.387 

11 

1158  1 

.344 

44 

13243 

1.404 

14 

1145  1 

.341 

45 

15313 

1.424 

IS 

1170  1 

.349 

44 

15339 

1.447 

34 

1175  1 

.381 

4? 

15345 

1.466 

17 

1182  1 

.398 

48 

15393 

1.495 

18 

1188  1 

.41? 

49 

15417 

1.539 

19 

1193  1 

.424 

40 

1197  1 

.444 

41 

(200  1 

.442 

42 

1202  1 

.47t 

43 

1205  1 

.480 

44 

1207  1 

.49# 

45 

1209  1 

.904 

44 

1212  1 

.521 

w  - 

tm  -  t 

Xi  r 

48 

1217  1 

,341  exceeds 

ASTM  crack  length  requirement 
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PRECRACKZNG  CDNIITIOMS 

sftc  *6r”"i6-2  . 

HIT .  UUP.*  1000  f  IK1T.  UAH*  4000  LIS  INtT .  STRESS  RATIO* 

FINAL  TERP.*  1000  F  FINAL  LOAD-  212?  LIS  FINAL  STRESS  RATIO¬ 

NS.  OF  INCREMENTS  7 

FINAL  SIZE  IT.  SIDE*  .142  RT .  SIDE-  .213 


NO.  POINTS* 

27 

PNIN  .386  KIPS 

PHAX*  3.164  KIPS  R* 

.0998965 

TERP.*  1000  f 

Environment**!* 

SPECHENiCT  |*  .502  IN.  V  2.0067 


NO.  POINTS*  1 A 

PttIN  .24  KIPS  PHAX*  2.4  KIPS  R«  .1 
7E»P.«  1000  F  ENV1R0NMENT*AIR 
SPECHENiCT  I*  .302  IN.  U*  2.006? 


OBS  NO.  CYCLES  A(M£A$ . )  REMARKS 


1  0  .*7? 

2  138  .683 

3  1031  .683 

4  1426  . 684 

5  1681  .687 

6  2006  .688 

7  3273  .692 

8  44 73  .693 

9  4834  .693 

(0  3036  .696 

It  635)  .702 

12  6511  .703 

13  6766  .703 

14  7033  .705 

13  7173  .705 

14  7237  .705 


NO.  POINTS*  t4 

PNIN  .264  KIPS  PHAX*  2.64  KIPS  R=  .1 
TCflP.*  1000  f  ENVIRONMENT *AJR 
SP£CIN£N:CT  I-  .302  IN.  U*  2.006? 


OBS  NO.  CYCLES  ATHENS. >  REMARKS 


1  0  .705 

2  162  .709 

3  970  .711 

4  1099  .712 

5  1389  .715 

6  1484  .717 

7  138?  .718 

8  18?8  .718 

?  1982  .720 

10  2776  .724 

11  2934  .727 

12  320?  .729 

13  3323  .729 

14  3469  .729 


NO.  POINTS*  17 

PNIN  .3913$  KIPS  PAAX-  3. 3138  KIPS  R*  .1 
TERP.«  1000  F  CNVIION»ENT»AlR 
SPEC IRIK I CT  .302  IN.  U*  2.0067 


OtS  NO.  CYCLES  A (REAS. >  RERARKS 


1  0  .747 

2  697  .746 

3  905  .773 

4  97!  .774 

3  1109  .710 

4  1463  .711 

7  1358  .784 

•  1723  .787 

9  4313  .852 

10  4376  .834 

11  4470  .854 

12  4543  .860 

13  4674  .863 

14  4740  .866 

13  481!  .866 

16  3013  .874 

17  5439  .813 


OBS  NO.  CYCLES  ATHENS. /  RENARKS 

t  0  .185 


2 

672 

.922 

3 

863 

.923 

4 

toot 

.931 

5 

1077 

.933 

6 

1 148 

.941 

7 

1403 

.961 

8 

1680 

.980 

9 

1840 

.992 

10 

2514 

1.060 

11 

2625 

1 .064 

12 

2646 

1.073 

13 

2745 

1.083 

14 

2799 

1.094 

13 

203** 

1.104 

U 

2877 

1.107 

17 

2945 

1.116 

18 

3003 

1.132 

1? 

3046 

1.143 

20 

3084 

1.150 

21 

3207 

1.177 

22 

325  2 

1.1B4 

23 

3419 

1.247 

24 

3454 

1.272 

23 

34  PR 

1.294 

26 

3340 

1.337 

27 

3555 

1.379 
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SPEC  NO,  10-3 
HIT.  UHP.-  70  F 

FINAL  TEMP."  ?0  F 

NO.  OF  INCREMENTS 
FINAL  SIZE  IT.  SIDE 


.PRECRACKING  CONDITIONS. 

I  NIT .  LOAD-  0  LBS 
FINAL  LOAD-  0  LIS 

) 

>  .242  NT.  SIDE-  .259 


INI T .  STRESS  RATIO- 
FINAL  STRESS  RATIO- 


NO.  POINTS- 
PHIN  .22  KIPS 
TEMP.-  1000  F 
SPEC IMEN:CT  I- 


8 

PMAX*  2.417  KIPS 
ENVIRONMENT-AIR 
.491  IN.  U>  2 


R- 


.0910219 


OBS  NO.  CYCLES  A (ME AS. ' 


REMARKS 


NO.  POINTS-  2? 

PHIN  .165  KIPS  PHAX-  1.851  KIPS  R-  .089141 
TEMP.-  1000  F  ENVIRONMENT -AIR 
SPECIMEN: CT  I-  .498  IN.  U-  2 


OBS  NO.  CYCLES  A<HEAS.)  REMARKS 


1 

0 

.948 

2 

287 

.971 

3 

890 

.978 

4 

1228 

.982 

S 

1449 

.987 

4 

2434 

1.000 

7 

3073 

1.007 

8 

3342 

1.013 

1 

0 

.624 

2 

250 

.027 

3 

2458 

.828 

4 

4509 

.834 

5 

5434 

.834 

4 

4345 

.037 

7 

7227 

.840 

8 

8343 

.841 

9 

10027 

.046 

10 

10940 

.050 

11 

11881 

.852 

12 

13134 

.854 

13 

13710 

.054 

14 

15274 

.841 

15 

14786 

.843 

14 

10044 

.849 

17 

11959 

.871 

18 

20442 

.873 

19 

21219 

.874 

20 

21720 

.079 

21 

22033 

.661 

22 

22903 

.882 

23 

23740 

.864 

24 

24401 

.807 

25 

25404 

.890 

24 

24979 

.095 

27 

27481 

.097 

NO.  POINTS-  9 

PHIN  .242  KIPS  PMAX-  2.459  KIPS  R-  .0910117 
TEMP.-  1000  F  ENVIRONMENT-AIR 
SPECIMENiCT  I-  .498  IN.  U>  2 


OBS  NO.  CYCLES  AINEAS.l  REMARKS 


0 

1.017 

348 

1.021 

917 

1.031 

1342 

1.039 

1030 

1.052 

2313 

1.043 

3424 

1.107 

5431 

1.184 

4352 

1.23'’ 

NO.  POINTS-  A 

PHIN  .182  KIPS  PMAX-  1.997  KIPS  R-  .0911347 
TEMP.-  1000  F  INVIRONMEMT-AIR 
SPECIMENiCT  I-  .491  IN.  M-  2 


OBS  NO.  CYCLES  A (ME AS.) 


REMARKS 


1  0  .900 

2  781  .902 

3  1852  .903 

4  1429  .907 

5  2538  .912 

4  3092  .912 


NO.  POINTS-  9 

PHIN  .2  NIPS  PNAX-  2.1 9^  KIPS 
TEMP.-  1000  F  ENVIRONMENT-AIR 
SPECIMENiCT  B-  .498  IN.  U-  2 


OBS  NO. 

CYCLES 

A(NEAS 

1 

0 

.915 

2 

427 

.919 

3 

1284 

.923 

4 

1148 

.939 

9 

4MI 

.949 

4 

4309 

.949 

7 

9011 

.953 

• 

5914 

.943 

9 

4523 

.949 

R«  .0910332 


REMAPS 
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. PRECRACKING  CONDITIONS . 

spec  no.  io-i 

IfIT.  TEMP.*  1100  F  INI T .  LOAD*  4900  LIS  MIT.  STRESS  RATIO*  .9 

FINAL  TEMP.*  1100  f  FINAL  LOAD*  3?00  LIS  FINAL  STRESS  RATIO*  .9 

NO.  OF  INCREMENTS  6 

FINAL  SIZE  IT.  SIDE*  .2291  RT.  SIDE*  .1939 


. . PRECRACKZNG  CONDITIONS 

SPEC  NO.  10-6  . 

IN1T.  TEMP,-  70  F  Mil.  LOAD*  0  LIS  MIT.  STRESS  NAT  10=  .1 

FINAL  TEMP.-  70  F  FINAL  LOAD*  0  LIS  FINAL  STRESS  RATIO*  .1 

NO.  OF  INCREMENTS  0 

FINAL  SIZE  LT.  SIDE*  .237  R1.  SIDE*  .235 


NO.  POINTS*  42 

PNIN  2.811  KIPS  P MAX*  3.143  KIPS  R-  .900159 

TEMP.*  1200  F  ENVIRONMENTAL 
SPECIMEN :CT  |-  .499  IN.  «=  2.014 


NO.  POINTS*  7 

PMM  .1*3  NIPS  PNAJt*  t  .If  5  NIPS  ft*  .0900091 
TEMP.*  1000  F  ENVIRONMENTAL 
SPECIMENS  I*  .49*3  M.  V  2 


OBS  NO.  CYCLES  A l ME  AS.  !  REMARKS 

1  0  .775 


2 

31 

.773 

3 

134 

.785 

4 

221 

.790 

3 

344 

.801 

* 

391 

.811 

7 

465 

.819 

6 

515 

.029 

9 

592 

.839 

10 

6*2 

.843 

11 

*92 

.846 

12 

793 

.861 

13 

163 

.870 

14 

922 

.173 

15 

97B 

.877 

M 

1094 

.893 

17 

117* 

.900 

ID 

1243 

.912 

19 

1331 

.917 

20 

1373 

.922 

21 

1493 

.937 

22 

157! 

.953 

23 

1644 

.975 

24 

1724 

.990 

23 

1900 

1.012 

2* 

20M 

1.036 

27 

2098 

1.050 

28 

2195 

1.064 

29 

2244 

1.076 

30 

2311 

1.081 

31 

2376 

1.085 

32 

2428 

1.097 

33 

2484 

1.112 

34 

2561 

1.120 

33 

2636 

1.133 

36 

2720 

1.152 

37 

29*7 

1.193 

38 

3247 

1.263 

39 

3276 

1.297 

40 

3327 

1.326 

41 

3359 

1.340 

42 

3413 

1.382 

DIS  NO.  CYCLES  AMEAS.l  REMARKS 


1  0  .79* 

2  4470  .752 

3  16152  .822 

4  31380  .915 

3  49140  .971 

4  *0170  1.078 

7  67972  1.1*3 


- - PRECRACKING  CONIITIONS 

SPEC  NO.  1 0' 7  . 

MIT.  1EMF.=  70  F  IN’T.  LOAD*  OLDS  tNIT.  STRESS  RATIO-  .9 

FINAL  TEHf.*  70  F  FINAL  LOAD*  OLDS  FINAL  STRESS  RATIO-  .9 

NO.  OF  INCREMENTS  0 

FINAL  SIZE  LT.  SIDE*  .254  RT.  SIDE-  .247 


NO.  POINTS*  25 

FMM  1.366  KIPS  PNAX=  1.54  NIPS  ft*  .9  TEST  FREQ.*  .25  HZ 
TEHF..  1400  F  ENVIRONMENT. AIR 

SPEClMENrCT  |»  .49*  M.  U«  2.0043 


ODS  NO.  CYCLES  R INCAS.)  REMARKS 

»  0  .79 9 

2  7  .007 

3  »8  .82* 

9  24  .132 

3  29  .039 

*  35  .148 

7  41  .8*5 

B  47  .880 

’  58  .895 


10 

64 

.929 

1 1 

70 

.949 

12 

74 

.9*9 

13 

78 

.986 

14 

0: 

l.OD’ 

15 

86 

1.034 

16 

90 

1.0*3 

17 

94 

1.087 

18 

98 

1.121 

19 

102 

1.162 

20 

106 

1.204 

?f 

no 

1 . 2*0 

22 

115 

1.361 

23 

120 

1.433 

74 

125 

1.544 

122 


. . ME  CRACKING  CONDITIONS . 

SPEC  NO.  11-1 

IIIT.  TEMP.*  1 200  F  INI T .  LOAD*  5000  LIS  KN1 T .  STRESS  RATIO*  .5 

FINAL  HNP.i  1200  F  FINAL  LOAD*  2102  LIS  FINAL  STRESS  RATIO*  .5 

NO.  OF  INCREMENTS  15 

FINAL  SIZE  LT.  SIDE*  .225  IT.  SIDE*  .253 


..  PRECRACK InG  CONDITIONS 

SPEC  NO.  11*2 

INIT.  TEMP.*  1000  F  INI T .  LOAD*  5000  LIS  INIT.  STRESS  IA110*  .5 

FINAL  TENP.*  1000  F  FINAL  LOAD*  4700  LIS  FINAL  STRESS  RATIO*  .4 

NO.  OF  INCREMENTS  1 

FINAL  SIZE  LT.  SIDE*  .20B  RT.  SIDE-  .1925 


NO.  POINTS*  46 

F’NIN  1.031  KIPS  PNAX*  2.102  KIPS  R*  .3 
TEMP.*  1200  F  ENVIRONMENT -AIR 
SPECIMENsCT  I*  .4997  IN.  N*  2 


NO.  POINTS*  36 

PNIN  4.3  KIPS  PNAX*  5  KIPS  R*  .9 
TEMP.*  1000  F  ENV1R0KNENT-AIR 
SPECIMENsCT  I*  .499  IN.  U*  1.992 


i  NO 

CTCLES 

6(NEAS.)  REMARKS 

1 

0 

.110 

2 

300 

.812 

3 

IOO 

.814 

4 

2680 

.63' 

5 

4287 

.142 

A 

4997 

.847 

7 

3547 

.853 

I 

6018 

.836 

9 

6394 

.862 

10 

14042 

1.004 

11 

16631 

1  .014 

12 

17221 

1.020 

13 

17681 

1.033 

14 

17884 

1.037 

15 

18144 

1 .040 

14 

11400 

1.049 

17 

18671 

1.056 

16 

30040 

1.122  -EXTENDING  CRACK  INCREASE  TO  150  CPM 

19 

38022 

1.189 

20 

31132 

1.196 

21 

38284 

1.204 

22 

38311 

1.212 

23 

31678 

1.220 

24 

38774 

1.226 

25 

39133 

1.243 

26 

39302 

1.255 

27 

39459 

1.246 

28 

J94P4 

1.217 

29 

39796 

1.294 

30 

39170 

1.304 

31 

39950 

1.313 

12 

40050 

1.325 

33 

40104 

1.333 

34 

40209 

1.350 

35 

40214 

1.361 

36 

40389 

1.375 

37 

40432 

1.383 

38 

40482 

1.391 

39 

40570 

1.406 

40 

40493 

1.429 

41 

40710 

1.449 

42 

40820 

1.460 

43 

40870 

1.472 

44 

40914 

1.413 

45 

40947 

1.502 

3 

48 

_  41001 
0TO44 

41107 

1.516 

r*3r 

1.359  exceeds  ASTM  crack  length  requl 

OBS  NO.  CYCLES  AUtEAS.)  REMARKS 


1 

0 

.903 

2 

916 

.903 

3 

2752 

.907 

4 

3339 

.907 

5 

9400 

.916 

6 

15663 

.917 

7 

14220 

.918 

8 

14427 

.919 

9 

17034 

.919 

10 

18029 

.919 

11 

18443 

.921 

12 

19198 

.924 

13 

19902 

.926 

14 

21794 

.931 

15 

25119 

.943 

16 

25298 

.947 

17 

26326 

.950 

18 

26003 

.952 

19 

27121 

.954 

20 

27544 

.95. 

21 

27853 

.957 

22 

28728 

.966 

23 

29320 

.973 

24 

30627 

.974 

25 

31154 

.976 

26 

38712 

.989 

27 

43435 

1.000 

28 

44m 

i.P02 

29 

44454 

1.003 

30 

45108 

1.004 

31 

45692 

1.005 

32 

44100 

1.006 

33 

44843 

1.008 

34 

47689 

1.009 

35 

48471 

1.012 

36 

48967 

1.012 

NO.  POINTS*  14 

PM1N  4.5  KIPS  PNAX*  5  KIPS  R«  .9 
TEMP.*  1000  F  ENV1I0NHENT*AJR 
SPECIMENsCT  |*  .499  IN.  U*  1.992 


OIS  NO.  CYCLES  A(NEAS. )  REMARKS 


1 

0 

1.057 

2 

10850 

1.061 

3 

15750 

1.044 

4 

27400 

1.063 

5 

43400 

1.072 

6 

57100 

1.078 

7 

70582 

1.013 

8 

78951 

1.017 

9 

•7946 

1.091 

10 

94419 

1.095 

11 

99442 

1.097 

12 

102961 

1.099 

13 

132300 

1.118 

14 

143940 

1.122 

NO.  POINTS*  12 

PNIN  4.5  KIPS  PNAX*  5  KIPS  •• 
TENP.*  1000  F  ENVIRONMENT* AIR 
SPECINENlCT  I*  .499  IN.  8*  1.99? 


CTCLES  A1NEAS.) 


0 

1.122 

7 

2372 

1.131 

191 

1.122 

• 

•  154 

1.131 

474 

1.122 

9 

14ft  1 

1.134 

•09 

1.122 

1ft 

14901 

1.275 

1353 

1.123 

11 

1  41  RT 

1.784 

1834 

1.126 

123 


rHCMCKHG  COMUO* s  ..  . . 

sue  mo.  ii-4 

lltl.  TEMP.*  1  200  F  mil.  LOAD*  2600  US  1*17.  STRESS  kAT  10=  .1 

FINAL  TEMP.*  1200  f  FINAL  LOAD*  1815  US  FINAL  STRESS  RATIO*  .1 

Ht.  Of  INCREMENTS  12 

FINAL  SI2E  17.  SIDE*  .125  RT.  SIDE*  .201 


.  mCRACKING  CONDITIONS 

SPEC  NO.  lt:S  ”  . . 

I«n.  TEAK-  1000  F  HIT.  LOAD*  4000  LIS  INI  T .  STRESS  RATIO* 

FINAL  TEMP.*  1000  f  FINAL  LOAlf*  2100  LIS  FINAL  STRESS  RATIO* 

NO.  OF  INCREMENTS  24 

FINAL  SIZE  IT.  SIDE*  .24?  RT.  SIDE*  .2 


NQ.  fOINTS-  27 

RUIN  .182  RIFS  PMAX*  .815  RIFS  R*  .1002755 

TEMP.*  1400  F  ENVIRONMENT *Alk  fJD*  FOINTS*  29 

SPCCIMENtCT  #•  4V94  IN.  W*  I  99  I  f.l*  .266  KJF'S  PMAX*  2.642  KIPS  R*  .0999249 

TEAT.*  1200  F  ENVIR0NNENT*AIR 
SHE  lAEN:CT  D*  .5  IN.  W*  1.992 

QOS  NO.  CYCLES  A< MEAS. }  REMARKS 


1  0  .720 

2  2400  .731 

3  4950  .739 

4  7350  .754 

5  9750  .76? 

6  12000  .776 

?  14700  .100 

8  18150  .121 

9  20850  .839 

10  25050  .871 

11  29250  .909 

12  33450  .946 

13  38250  .9 97 

14  41100  1.040 

15  42400  1.073 

74  45000  1.101 

17  44800  I.  .8 

t»  47830  1.174 

19  48600  1.193 

20  49350  1.224 

21  50100  1.251 

22  90130  1.281 

23  9U00  1.342 

24  323|0  1.391 

25  32430  1.440 

ii  _52M8  _  1.553 

27  32930  T.600~ 


exceeds  ASTM  creek  length  requirement 


ODS  NO. 

CYCLES 

A( MEAS. 

1 

0 

.099 

2 

132 

.903 

3  • 

431 

.910 

4 

593 

.912 

5 

1364 

.928 

6 

1615 

.913 

7 

1873 

.938 

6 

2044 

.944 

9 

2238 

.950 

10 

2318 

.952 

1 1 

2591 

.961 

t: 

27  46 

.965 

13 

3508 

.984 

14 

3694 

.991 

15 

3904 

.998 

16 

4132 

1.009 

17 

438' 

1  .024 

REMARKS 


18 

4681 

1.037 

19 

4782 
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21 

5000 
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1 .224 

26 
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2? 
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1.324 

—77^ 

79 

7837 

1.515 
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